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ABSTRACT 
Polymers have existed in natural form since the beginning of life and have played 
crucial roles in the processes of life. Early man exploited naturally occurring polymers as 
materials of basic requirements such as clothing, Shelter, food, tools, weapons, 
decoration, playing and writing etc. However, the origin of modem polymer industry, 
commonly, is accepted as being in the nineteenth century with the discoveries in the field 
of modification of certain natural polymes. Polymers have now become indispensable 
materials and it is very difficult to think of daily life without them. Virtually modem 
synthetic polymers have replaced the use of metals in many cases. Polymers are in fact 
engineering materials and are replacing metals in every application. The demand of 
modem day life for high performing and special polymers, has thrown a challenge to 
polymer chemists, physists and technologists to come up with new polymers and also to 
modify existing polymers. 
Swift Heavy Ion (SHI) irradiation provides a unique way of materia! modification 
by including such a high degree of localized electronic excitation which otherwise is not 
possible by any other means. Its effect on the materials depends mainly on the electronic 
energy loss of the ion in material and ion fiuence. The ions lose their energy as they pass 
through the material. The energy lost is either spent in displacing atoms (of the sample) 
by elastic collisions or it is spent in exciting or ionizing the atoms via inelastic collisions. 
The former is the dominant process at low energies. The inelastic collisions are dominant 
at higher energies (MeV). 
Irradiation of polymers leads towards processes like cross-linking of the polymer 
chains, chain-scission, oxidative degradation and changes in unsaturations, evolution of 
gaseous products etc. The extent of these depends upon the nature of the polymer, ion 
parameters and its energy and irradiation conditions. Investigation on the effects of ion 
irradiation on polymers has become, in recent years, a subject of interest to both scientists 
engaged in basic research and engineers with practical applications. For scientists, heavy 
ion irradiation offers an extremely powerful tool to modify polymers under strictly 
1 
controllable conditions and to characterize the effect of such modifications on the 
resultant physical, chemical, structural and the other properties. 
A lot of work in the field of ion beam treatment has been carried out to investigate 
the interaction of charged particles with matter. The application of ion beams now a days 
range from the use of low energy ions in the field of surface technology to the application 
of relativistic heavy ions in radiation therapy. 
Positron Annihilation Lifetime Spectroscopy (PALS) has been developed into a 
powerful characterization tool for the study of free volume size and free volume fraction 
in polymeric materials and technologically relevant materials. By measuring the lifetimes 
of the positron, it may be possible to get fairly accurate estimates of the free volume holes 
of angstrom (2-10 A) range. The atomic scale free volume holes are detected on the basis 
that positronium (Ps) atoms are formed and localized in the free volume holes. 
During the past two decades, positronium (Ps), the bound state of a positron (e )^ 
with an electron (e') has been used as a probe of molecular solids, especially of polymers. 
Thus many applications of the positron annihilation techniques have been developed as Ps 
presents a rather unique probe for the quantitative study (viz size, concentration) of the 
free spaces present in these solids: intrinsic or extrinsic defects, as well as free volumes. 
In recent years Positron Annihilation Spectroscopy has provided a unique probe to study 
the size and number distribution of the sub nanometer cavities. 
UV-Vis spectroscopy is the powerful analytical tool which gives an idea about the 
value of optical band-gap energy (Eg) and thus provides an important tool for 
investigation. 
Infrared spectroscopy is one of the most powerful analytical techniques which 
offers the possibility of chemical identification. Fourier Transform Infra-Red 
spectroscopy technique can be employed to investigate the ion beam induced changes of 
polymers to shed light on bond breaking. The nature of chemical bonds of polymers can 
be studied through the characterization of the vibration modes determined by FTIR 
spectroscopy. 
X-ray diffraction(XRD) provides a fast and reliable tool for qualitative 
identification of crystalline phases. The condition for diffraction of a beam of X-rays 
from a crystals is governed by the Bragg equation. Any modifications of the polymers 
structure upon irradiation, is reflected in its diffraction pattern. 
The dielectric response of material provides information about the orientational 
transhtiona] adjustment of mobile charges present in the dielectric medium in response to 
an applied electric field and also about the potential charge carriers which may be formed 
by splitting of covalent, atomic or molecular bonds under the influence of the energetic 
ions. 
Swift heavy ion (SHI) irradiation of the polymeric samples was carried out at 15 UD 
Pelletron Accelerator at Inter University Accelerator Centre (lUAC), New Delhi, India 
and Variable Energy Cyclotron Centre (VECC), Kolkata, India. The details of irradiating 
ions and polymers are given below: 
I. Irradiation carried out at 15 UD Pelletron at lUAC, New Delhi. 
By 100 MeV Si*^  ions 
(a) 40nm thick Makrofol- KG and 30^m thick Makrofol-N to the fluences lO'", 3x10'°, 
10", 3x10", 6x10" and lO'^  ions/cm^ 
(b) 250^m thick Polyethersulphone (PES) to the fluences lO'^ lO", O'^  and 5xlO'^  
ions/cm .^ 
(c) 50^m thick Polyethylene Trephthalate (PET) to the fluences 10'°, 3xlO'°, lO", 
3xlO",3xlO'Mons/cm^ 
(d) 5 0 ^ thick Polypropylene (PP) to the fluences 10'°,3xlO'°,IO", 3xlO", 6xl0" 
and lO'^  ions/cm^ 
(e) 125nm thick PMMA to the fluences 10'°, lO", lO'^  and 5xlO'^ ions/cml 
By 95 MeV O**^  ions 
(0 170^m thick PEO-salt (17% & 19%) to the fluences 10'°, lO", lO'^  and lO' 
ions/cm ,^ 
(g) 225fmithickLEXAN(PC)tothefluenceslO'°, lO", lO'Mo'^and 2xl0'^ 
ions/cm ,^ 
(h) SOpm thick PVDF to the fluences 10'°, lO", lO'^  and lO'^  ions/cml 
(i) 50^m thick LDPE to the fluences 10'°, lO", lO'^  and lO'^  ions/cml 
By 50 MeV Li^ ^ ions 
(j) 50^ un thick LDPE to the fluences 5x10'°, lO", lO'^and lO'^  ions/cml 
(k) 125nm thick PMMA to the fluences 10'°, lO", 10'^ SxlO'^and lO'^ions/cml 
(1) 250|im thick PES to the fluences 5xlO'^  and lO'^  ions/cm^ 
(m) 250fun thick PN-6,6 to the fluences 5xlO'°, lO", 10'^ 5xI0'^, lO'^  and 2xI0'^ 
ions/cm^ 
By 70 MeV C^ ^ ions 
(n) 250|im thick Polyamide Nylon-6 polymer to the fluences of 9.3xl0",3.7xl0'", 
1.8 x lO ' \ 3.7x10'^ ions/cm^ 
II. Irradiation carried out at Variable Energy Cyclotron (VECC), 
Kotkata, India. 
By 145 MeV Ne**^  ions 
(a) 40nm thick Makrofol-KG to the fluences 10'°, lO", lO'^and lO'^  ions/cml 
(b) 250nm thick PES to the fluences lO'^  and lO'^  ions/cm^ 
(c) lOO^ im thick PTFE to the fluences 10'°, lO", lO'^  and lO'^  ions/cm^ 
(d) 50^m thick PP to the fluences 10^ 10'°, lO", lO'^and lO'^  ions/cm^ 
(e) 80 l^m thick PVDF to the fluences of 10'°, lO", lO'^and lO'^  ions/cm^ 
(f) 125 ^ m thick PMMA to the fluences of 10'°, lO", lO'^  and lO'^  ions/cml 
Chapter — I describes the introduction to the topic of the thesis and the significance in 
the field of material science, classification of polymers and the utility of polymers, 
Heavy ion energy deposit in solids, Energy loss processes i.e Inelastic collision of 
incident ions with the target(Electronic Stopping 'Se') and Elastic collision with screened 
target nuclei(Nuclear stopping 'Sn') as well as significance of modification in the 
properties of polymeric materials induced by heavy ion irradiation have been discussed. 
Mechanism of formation of ion tracks in polymers by Swift Heavy Ions (SHI) is 
described. Damages in polymers by SHI irradiation i.e. Cross-linking, Scissoring of the 
main polymer chain, Gas Liberation, Side chain decomposition.. Scission at branch 
points. Changes in chemical structure and Changes in crystallinity in partially crystalline 
polymers have been discussed.. 
Chapter — II gives an account and description of the experimental techniques with 
their relevant details used in the measurements carried out in the present study. This 
chapter covers the details of (i) The materials: Polymers studied and their chemical 
structure (ii) Brief description of 15 MV Pelletron Accelerator at Inter University, 
Accelerator Centre (lUAC), New Delhi India .(iii) General purpose scattering chamber 
used for irradiation (iv) Variable Energy Cyclotron Centre (VECC), Kolkata. (v) 
Positron Annihilation Lifetime (PAL) measurements techniques as well as DBS. (vi) 
Ultraviolet-visible (UV-Vis) spectroscopy, (vii) Fourier Transform infrared (FTIR) 
spectroscopy (viii) X-Ray Diffraction (ix) Dielectric constant measurements 
Chapter-Ill This chapter deals with the characterization of free volume measurements 
carried out using Positron Annihilation Lifetime Spectroscopy (PALS) and Doppler 
Broadening Spectroscopy (DBS). Swift Heavy Ion induced modification in free volume 
properties of Makrofol-KG, Polyethersulphone (PES) and Polystyrene (PS) irradiated by 
100 MeV Si^ ^ ions; Makrofol-KG, PVDF and PES irradiated by 145 MeV Ne^ ^ ions; 
PEO-salt and Lexan Polycarbonate irradiated by 95 MeV O'^ "^  ions; PN-6,6 and PS 
irradiated by 50 MeV Li^ ^ ions and Polyamide nylon-6 irradiated by 70 MeV C^ ^ ions to 
different fluences has been characterized by PALS and DBS. 
Chapter IV In this chapter, the results of characterization of modification optical and 
chemical properties of various polymeric materials induced by swift heavy ions through 
Ultraviolet-Visible (UV-Vis) spectroscopy and Fourier Transform Infrared (FT-IR) 
spectroscopic analyses are presented. Significant changes of different amounts have been 
observed in optical and chemical response of the polymers after irradiation with Si*\ 
Ne*^ O *^ and Li^ * ions of energies 100 MeV, 145 MeV, 95 MeV and 50 MeV 
respectively. 
Chapter V This chapter describes the results of characterization of modification in 
structural and electrical properties induced by ions through X ray diffraction, a.c. 
conductivity and dielectric constant measurements. The polymers were irradiated with 
different ions obtained from Pelletron accelerator and Variable Energy Cyclotron. 
Significant changes have been observed in dielectric response of the polymers as a 
function of ion beam parameters such as fluence etc. 
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Chapter I 
INTRODUCTION 
1.1 Polymers 
Polymers are macromolecules built up by linking together a large number of much 
smaller molecules. The small molecules, which combine with each other to form polymer 
molecules, are termed as monomers and the process by which they combine with each 
other is known as Polymerization. There may be hundreds, thousands, tens of thousands 
or more monomer molecules linked together in a polymer molecule and are called as 
pofymers. Thus pofymers have long chain and are high molecular weight compounds in 
which many small molecules combine together. If a monomer combines with itself, it 
forms a homopolymer, if two, then copolymer and if three then terpolymer is formed and 
soon. 
Polymers have existed in natural form since the beginning of life and have played 
crucial roles in the processes of life. Early man exploited naturally occurring polymers as 
materials of basic requirements such as clothing. Shelter, food, tools, weapons, 
decoration, playing and writing etc. However, the origin of modem polymer industry, 
commonly, is accepted as being in the nineteenth century with the discoveries in the field 
of modification of certain natural polymers [1]. 
1.1.1 Organization of Polymers 
Molecular structure and the arrangements of the polymer chains are important 
factors in determining their properties. Polymers are organized at several distinct levels 
[2]. 
• The primary is the monomer chemical structure, characterized by the presence of 
given fiinctional groups and related electronic structure. 
The secondary structure is the chain characterized by the spatial arrangement of 
some 10 to 10 repetitive units in the polym( 
macromolecules exhibit a broad molecular distribution. 
^ ^ er chains. In general, the 
• The tertiary structure is global form of the macromolecules as determined by weak 
van der Waals forces, hydrogen bonds and the sum of conformational constraints. In 
general, the molecular chains are not linearly extended but wrapped up or folded 
(typical fold length 10-lOOnm) with some free volume in between. They can be 
thread-like, branched or cross-linked through covalent bond, either as individual 
separate units or entangled with others. 
• This leads to amorphous or crystalline arrangements (typical 1-1 O^m) as the 
quaternary structures. Most polymeric single crystals consist of many platelets 
(lamellae) kept one over the other in decreasing order of size. The folding of the 
macromolecules chain takes place during polymerization. Here, the long chains are 
accommodated into narrow lamellae, their thickness being typically around 10 nm 
and the molecular chain length being around 100 to 1000 nm. 
• The unit cell or lamellae eventually may arrange globally in still larger units, the so-
called spherulites (typical size around 100jam). 
• The polymer's side groups and their geometrical arrangement influence the polymer 
properties strongly. There exists a practically infinite number of so called 
conformations of a given polymer chain due to its large size and rotational degrees 
of freedom of most covalent bonds that gives rise to a random, strongly entangled 
arrangement of the polymer chains in concentrated solutions and in the melt. 
Polymers have now become indispensable materials and it is very difficult to think 
of daily life without them. Virtually modem synthetic polymers have replaced the use of 
metals in many cases. Polymers are in fact engineering materials and are replacing metals 
in every application [3]. Some of the advantages of using polymers in place of metals are: 
(i) They are lightweight, resistant to corrosion effects and are chemically inert. 
(ii) They have good thermal/electrical insulation capacity, good strength, dimensional 
stability and toughness, 
(iii) They have easy workability and good dye ability and their fabrication costs are low. 
(iv) They are transparent in appearance, can absorb mechanical shock and show 
resistance to abrasion effects. 
The demand of modem day life for high performing and special polymers, has 
thrown a challenge to polymer chemists, physists and technologists to come up with new 
polymers and also to modify existing polymers. 
1.1.2 Classification of Polymers 
A large number of chemical compounds undergo polymerization process in 
different reaction conditions and the resulting polymers exhibit wide range of physical, 
chemical, mechanical, thermal and electrical properties. Thus the polymers are classified 
on the basis of their origin and can broadly be classified as natural and synthetic 
polymers. Depending on their structure the polymers can be classified as linear, branched 
and cross-linked polymers. High-density polyethylene is linear polymer, while low 
density polyethylene is branched polymer. 
Polymers are also classified as organic, elemento-organic and inorganic polymers. 
Organic polymers have chains consisting of C-C linkages, and apart from carbon atoms 
have hydrogen, oxygen, nitrogen, sulphur and halogen atoms in the side chains. Element 
organic polymers include (i) macromolecules whose chains are composed of carbon as 
well as heteroatom (except N, S, O and halogen atoms) and (ii) inorganic chains in which 
side groups contain carbon atoms directly linked to the chain. 
Polymers can be classified as fibers, plastics, resins, and rubbers based on the 
nature and extent of secondary valence forces and mobility among the constitutional 
repeat units. Polymers may be charged or uncharged. Charged polymers have some free 
functional groups e.g. polyacrylic acid (anionic polymer) or polyethylimine (cationic 
polymer). 
Polymers may also be classified as amorphous or crystalline depending upon their 
morphological behavior. Most linear polymers take on new shapes by application of heat 
and pressure. They are thus called thermoplastics whereas the cross-linked polymers 
cannot be made to flow or melt irreversibly and are said to be thermosetts. 
This feature depends on the spatial arrangement of the monomeric units with respect to 
each other. If the monomer molecules have been linked together in one continuous length 
to form the polymer molecules, the polymers are termed as linear polymers. Branched 
polymers are those in which there are side branches of linked monomer molecules 
protruding from various central branch points along the main polymer chain. Figure-1.1 
shows different type of polymers. It can be seen that there may be several different kinds 
of branched polymers. The presence of branching in a polymer usually effects many 
important polymer properties. The most significant property change brought about by 
branching is the decrease in crystallinity. 
The polymers in which the polymer molecules are linked to each other at points 
other than ends, are said to be cross-linked Figure 1.1. Cross-linking can be made to occur 
during the polymerization process by the use of appropriate monomers. It can also be 
modified by the irradiation of heavy ions. 
Linear 
(a) Branched 
(b) Branched 
(c) Branched 
Cross linked 
Figure I.l: Structure of linear, branched and cross-linked polymers. 
1.1.3 Properties and uses of Polymers 
Due to their chemical structure, spatial arrangement of monomeric units, 
molecular weight and its distribution and crystallinity, polymers show a wide range of 
physical, mechanical, thermal and electric characteristics [4-6]. Polymers have vast 
technological and scientific applications. Polymers exist only as solid or liquid but never 
in gaseous form, as they decompose before reaching their boiling point [7]. Polymers 
have applications in almost all fields, such as industry, science and technology due to 
their low cost, easy processibility, low weight, high corrosion resistance, high electric 
resistance and durability etc. Polymers are fast replacing metals and alloys in many 
applications in the field of industry, science and technology. 
As ionizing radiations can modify the physico-chemical properties of the 
polymers in a controlled way, the field of ion induced modification in polymers and their 
characterization has emerged as a very challenging field owing to its vast technological 
implications. If the effect is undesirable, the term "degradation" is commonly used which 
may cause addition, cross-linking, substitution, hydrolysis, chain scission etc. leading to 
different type of polymers. 
1.1.4 Effect of Temperature on Polymers 
The temperature of the sample during irradiation plays a significant role in the 
type of free radical that will be generated. For example, irradiation of polyethylene at 
liquid nitrogen temperatures prevents the formation of allyl double bonds during the 
irradiation. The free radicals formed during the irradiation are frozen into the solid and 
react when the sample is heated to higher temperature. Moreover, Chapiro [8] has shown 
that irradiation of polyethylene in the molten state causes the formation of more cross-
links than at room temperature [9]. 
1.2 Heavy Ions 
Atoms consist of nuclei and electrons. If some of negatively charged electrons 
orbiting the tiny positively charged nucleus are removed from the atom, an ion is left. If 
heavy atoms undergo this process, they are called heavy ions. In the last two decades 
heavy ions have emerged as a major tool in atomic and nuclear physics. Light and heavy 
atoms ionized to a high degree resemble those found in hot stars and hence the actual 
situation in stars could be simulated and clarified through the laboratory on the earth. The 
information about a nuclear structure can be obtained by the production of deformed 
heavy system by the ions of different energies. Various areas of research in nuclear 
physics are: nuclear reactions, fusion reactions and study of high spin states etc. The 
relativistic heavy ion collision gives the challenging and wide-open frontier of modem 
nuclear science. Discovery of new elements and search for the super heavy elements is 
another field where the heavy ion research is aimed at. Development of techniques for 
accelerating particle led to a construction of new accelerators and modification in 
accelerators which provide the heavy ion beam energy from few MeV to several GeV per 
nucleon. 
1.2.1 Range of Ion 
The distance over which an ion dissipates its energy completely via elastic and 
inelastic collision is called the ion range. The nuclear energy loss occurs in discrete 
amounts ranging from eV to several keV during each collision. On the contrary, the 
electronic loss occurs continuously and acts as a drag force on the moving ion. Due to the 
probabilistic nature of energy transfer process, the amount of energy loss varies from one 
collision to the other and is reflected as a statistical variation in the ranges of the 
individual ions. This leads to a straggling in the ion range. 
1.2.2 Heavy Ion Energy Deposition in Solids 
When an energetic ion penetrates into a medium, it loses by two processes: 
inelastic interactions with target electrons and elastic interactions with screened target 
nuclei. The former process is called "electronic stopping", and the later "nuclear 
stopping". The energy AE, an ion loses when moving a given path AX, is stochastic 
quantity i.e. the different ions of the same beam will lose different amount of energy. The 
mean value of the energy loss AE/AX, (Ax-^0) for a large number of ions is termed as 
stopping power S, which is the sum of the two above said energy losses and is given by 
s = dE = s„+s. 
dx ' -" ^'-'^ 
where Seand Sn, are the electronic and nuclear stopping power respectively. 
At high energies of the order of MeV, the ion interacts with electrons of the target 
atoms. The material is ionized and/or electrons are transferred to higher states. Since the 
mass of the electron is ^mall, the initial direction of the ion in the solid remains almost 
unchanged. At low energies (0.1-10 keV), the nuclear energy loss predominates: the ion 
collides with the target nucleus and transfers energy and, momentum to recoil atom. As a 
result of which, atoms are displaced and the direction of the ion changes. Typical curves 
for both types of stopping powers are given in Figure 1.2. 
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Figure 1.2: Qualitative curve of the energy loss of an ion in the material as function of 
the ion energy, shown on a log-log scale [10] 
1.2.3 Formation of ion tracks in polymers by Swift Heavy Ions (SHI) 
Due to the passage of charged particles through insulating solids like polymers, 
narrow paths of intense damage are created on atomic scale which is generally called the 
latent tracks. Track formation depends upon the process by which heavy ions loose 
energy as they pass through, slow down and stop in a solid. When a fast moving particle 
moves through solid due to interaction of orbital electrons of the atom and those around 
the atoms that make up the solid, it looses all or some of its orbital electrons. In an 
ionization process the charged nuclear particle transfers some of its kinetic energy to the 
atomic electrons with which it encounters. The electrons are thereby either raised to an 
excited energy state or completely removed from the atom, thus causing it to become 
ionized. Thus heavy charged particles loose their energy mostly by ionizing the atoms of 
the absorbing material in which they pass through. Particle tracks are formed in many 
insulating materials and some semiconductors, but not in metals [11]. Track formation in 
solids mainly depends upon 
(i) Total energy loss rate (J = dE/dx) 
(ii) Angle of incidence of the ion with respect to the detector surface. 
The rate at which the ion loses energy (J = dE/dx) or causes certain alteration in 
solid is related to the production of track in that material. The value of this energy loss J 
must be higher than a particular value called critical value Jc for track formation. The 
value of Jc for one solid is same for all the particles and is different for different solids. 
The incidence angle of the ion with respect to the surface of the detector also determines 
the track formation in the detector. There exists a certain angle 0c (angle between the 
direction of incident ion and the surface of the detector) such that the incident charged 
particles entering the detector surface at an angle less than a certain minimum value 9c, its 
track can not be revealed by chemical etching. When a charged ion of atomic number Z 
traverses the solid, its orbital electrons interact with the electrons of the atom of which the 
solid is made of As a result a fast moving atom of atomic number Z would rapidly 
become an ion by being stripped of all or some of its orbital electrons. Therefore, the ion 
acquires a net positive charge Z* which can be empirically expressed as [12]. 
Z*= z[l-exp(-130-A^)J (1.2) 
Where p is the speed of ion relative to the velocity of light. At higher velocities Z* ~ Z 
and the dominant interaction is due to the electrical force between the ion and atomic 
electrons in the solid. As a result of this interaction, atomic electrons in the solids can be 
excited to high energy levels or can be stripped out of the atom. In polymers, excitation 
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can lead to the breakage of molecular chains and formation of free radicals. The ejected 
out electrons in atoms called delta rays, can cause further ionization and excitation if they 
have enough energy. In inorganic solids primary ionization is the major source of the 
track damage and the secondary effects of delta rays are unimportant. However, in 
polymers primary ionization as well as delta rays Contributes to the formation of track. 
The track may be a more or less cylindrical region of ion as shown in Figure 1.3. 
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Figure 1.3: Track formation in crystalline solids and polymers. 
1.3 Energy loss processes 
The following processes are involved in energy loss of the particle: 
(i) Electronic Stopping 'Se': Inelastic collision of incident ion with target atomic 
Electrons resulting in excitation and ionization of the target atoms. 
(ii) Nuclear stopping 'Sn': elastic collision with screened target nuclei, resulting in the 
displacement of target nuclei. 
13.1 Electronic Stopping Power (Se) 
The atoms in the material are just spectators to the passage of energetic ions and 
they are not displaced from their sites in this process. These spectator atoms get either 
excited or ionized due to interaction of atomic electrons with energetic ion. The theory of 
electronic energy loss of highly energetic ions in solids was first given by Bohr [13]. He 
derived the expression for Se on the basis of a model which considered the target as a 
collection of harmonic oscillators whose frequency was determined by optical absorption 
data. The work was extended to relativistic ions by Bethe[14] and Bloch[15]. They solved 
the energetic ion loss problem quantum mechanically in first Bom approximation. The 
expression that describes the electronic energy loss of a highly energetic ion in a solid is 
known as Bohr-Bethe formula and is written as 
s,=-\ 
4ws*ZlZ,N, 
m^v 
In 
^2my^ 
-'H' (1.3) 
where v and Zp are the velocity and charge of the projectile ion, Zt and Nt are the atomic 
number density of the target atoms, me is the electronic charge.The parameter I represents 
the average excitation and ionization potential of the target material, and is unusually an 
experimentally determined parameter of each element. For non-relativistic projectile ions, 
only the first term in square brackets of equation (1.3) is generally valid for different 
types of ions provided their velocity remains large compared to the velocities of the 
orbital electrons in the target atoms. It can be seen from this equation that for a given non-
relativistic ion Se varies as 1/v^ , or inversely with ion energy. This is due the fact that if 
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the velocity of the ion is low, it spends a greater time in the vicinity of the electron, and 
thus it transfers grater impulse and hence larger energy to the electron. 
13.2 Nuclear Stopping Power (Sg) 
Nuclear energy loss arises from elastic collisions between the energetic ion and 
target nuclei, which cause atomic displacements and phonons. Displacement occurs when 
the colliding particle imparts energy greater than certain displacement threshold energy to 
a target atom. The threshold energy depends upon the target and it is the amount of 
energy a recoil atom (from target) requires to overcome the binding forces and to move 
more than one atomic spacing away from its original site. Otherwise, knock-on "atoms 
cannot escape their sites and their energy dissipates as atomic vibrations i.e. phonons. 
Since the nuclear collisions occur between two atoms with electrons around their nuclei, 
the interaction of an ion with a target nucleus is treated as the scattering of two screened 
particles. Nuclear stopping is derived with consideration of the momentum transfer from 
ion to target atom and the inter-atomic potential between them. Thus nuclear stopping 
varies with ion velocity as well as the charges of two colliding atoms. Nuclear stopping 
becomes important when an ion slows down to approximately the Bohr velocity (orbital 
electron velocity). For this reason, the maximum nuclear energy loss occurs near the end 
of the ion track, for high energy ions. When an ion shows down in passing through a 
solid, it eventually requires orbital electrons one by one as its velocity becomes 
comparable with the orbital velocities of less and less tightly bound electrons [16-18]. 
1.3.3 Delta Rays (8-rays) 
While moving in a solid, an energetic ion undergoes two types of collisions with 
the target electrons. One of these is called glancing collision and it involves inelastic 
scattering, where small momentum is transferred to the target electrons via distant 
resonant collisions. The other is called knock-on collision and it refers to elastic 
scattering, where large momentum transfer takes place via close collisions.Glancing 
collisions are quite frequent but each collision involves a small energy loss (<100 eV). On 
the other hand, knock-on collisions are very infrequent but each collisions imparts a large 
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energy to a target electron (>100 eV), Theoretical and experimental evidence suggested 
that approximately one halfof the electronic energy loss is due to glancing collisions and 
the other half to knock-on collisions [19,20]. 
Both glancing and knock-on collisions transfer energy in two ways: electronic 
excitation and ionization. Electronic excitation is the process in which an orbital electron 
is raised to a higher energy level. All excited electrons eventually lose energy as they 
thermalize. In addition, an orbital electron is ejected from the atom. The ejected electron 
is often called delta ray (5-ray) or secondary electron. The primary (due to Ion) ionization 
and excitation occur close to the path of the ion, while secondary ionization and 
excitation are spread over large distance from the core of the track. The complete energy 
loss process can be viewed in the Figure 1.4. 
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Figure 1.4: Energy Loss Process 
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1.4 General effects on polymer by SHI irradiation 
In a wide range of polymers, the following major modifications are observed as a 
result of irradiation to heavy ions: 
(a) Cross-linking, i.e. the formation of lateral chemical bonds between different polymer 
chains. 
(b) E>egradation, i.e. the scissoring of the main polymer chain. 
(c) Gas Liberation, usually H2 but sometimes include CH4, CO and CO2 and other 
products of side chain decomposition. 
(d) Scission at branch points, the severed sections often remaining trapped within the 
polymer matrix. 
(e) Changes in chemical structure, e.g. the production or elimination of unsaturation. 
(f) End Linking and cyclization. The molecular ends newly produced by scission being 
active, may combine with other molecules at the side bonds leading to end linking. 
Monomers belonging to one and the same molecules may be linked together leading 
to cyclization. 
(g) Changes in crystallinity in partially crystalline polymers. 
1.4.1 Cross-linking and Degradation 
Most of the changes in the physical properties of polymers are due to either cross 
linking or degradation. Cross-linking is the formation of a lateral chemical bond between 
two polymer molecules resulting in an increase of molecular weight of the polymer. It is 
generally found to occur at random, proportional to the radiation dose, so that eventually 
it will convert the polymer into a three dimensional network. Degradation refers to the 
scission of the main chain bonds resulting in a reduction of molecular weight of the 
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polymer. It is generally found to occur at random proportional to the dose, eventually 
converting the polymer into a low molecular weight material. The reduction in molecular 
weight can be readily followed by reduced viscosity, increased osmotic pressure and 
increased extent of light scattering. 
Both cross-linking and degradation occur simultaneously when polymers are 
irradiated, but one of them predominating over the other, depending on the chemical 
structure of polymers. It is generally observed [21] that polymers with structure -CH2. 
CRi R2 - where either Ri or R 2 or both hydrogen atoms, predominantly crosslink; 
whereas others with both R\ and R 2 as bulky side groups, predominantly degrade. The 
classification of polymers into cross-linking and degrading type according to this scheme 
is shovm in the Table (1.1). 
Recently, Tsuda and Oikawa [22] theoretically examined the criterion for cross -
linking and degradation and found that the effect of radiation on polymers can be 
inteipreted as chemical reactions in the excited states. Degradation occurs when little or 
no activation energy is required in the main chain cleavages reaction while cross - linking 
occurs when moderate or large activation energy is required in the main chain cleavage 
reaction but little or no activation energy is needed in the C - H bond cleavage reaction. 
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Table -1.1 
Cross-linking and degrading polymers 
Cross-linking Polymers Degrading Polymers 
Polyethylene 
Polypropylene 
Polystyrene 
Polyacrylates 
Polyacrylamide 
Polyvinyl chloride 
Polyamides 
Polyesters 
Polyvinylpyrolidone 
Natural rubber 
Synthetic rubbers (except 
Polyisobutylene) 
Polysiloxanes 
Polyvinyl alcohols 
Polyacrolein 
Polyacrylic acid 
Polyvinyl alkyl ethers 
Polyvinyl methyl ketone 
Polyethylene 
Chlorinated polyethylene 
Chlorosulphonated polyethylene 
Polyacrylonitrile 
Sulphonated polystyrene 
Polyethylene oxide 
Polyisobutylene 
Poly-a-methyl styrene 
Polymethacrylates 
Polymethacrylamide 
Polyvinyl dine chloride 
Cellulose 
Cellulose acetate 
Polytetrafluoroethylene 
Polytrifluorochloroethylene 
Polymethacrylic acid 
Poly-a-methacrylonitrile 
Polyethylene terephthalate 
Polyoxymethylene 
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1.5 Application of Polymer Irradiation 
Polymers and polymerization are backbone of many industrial applications. 
Irradiation of polymers has been widely studied over the last few decades because it can 
be used to change, in a controlled way, the physical and chemical properties of polymers 
[23]. So, radiation processing has emerged as a powerful tool in enhancing industrial and 
medical applications of polymers in terms of technological improvements of properties 
and in providing an environmental-friendly process optipn [24]. Polymers with specific 
properties that can be achieved by using (i) traditional ionizing radiation: gamma rays, 
energetic electrons and protons, or (ii) non-traditional ionizing radiation: swift heavy ion 
beams of keV or MeV [25]. Some of their applications are 
*> Gamma-irradiation is used in many industrial purposes, including polymer processing 
and treatment of medical equipment [26-28]. Another growing application is the 
sterilization of food [29], Low doses from 0.1 to 10 kGy are sufficient to preserve 
food products from sprouting or contamination by bacteria and mould [30]. 
• In biomedical applications, the surface of the polymer is modified to achieve 
biocompatibility; monomers are transformed into hydrogels; bioactive materials are 
immobilized within a polymer matrix, etc. 
• Electron beam induced cross-linking of polymers is an established industrial 
technology, especially in the following areas[31] 
1. cross-linking of cable insulation, tubes, pipes and moulding 
2. vulcanization of elastomers 
3. processing of foam plastics 
4. heat shrink materials 
• Electron induced grafting is also tacking up a prominent role in industrial 
applications. Properties that can be improved by grafting of polymers surfaces 
include: adhesion, wet ability, printability, biocompatibility, thermal stability, 
flammability and resistance to certain chemicals [31]. 
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• Curing is defined as the use of electron beam or ultraviolet radiation as an energy 
source to induce a rapid conversion of especially formulated 100% reactive liquids to 
solids. Irradiation by electrons leads to free- radical or cationic polymerization and 
cross-linking. In industry, radiation curing is often in competition with thermal 
drying. The radiation process offers significant advantages over thermal process: no 
solvent release, reduction of the energy consumption, high production rates, smaller 
space requirement and only moderate temperature during curing [31]. Electron beam 
curing of solvents coatings, inks, paints and adhesive have gained acceptance as 
productive and environment technology. 
• Some fluorinated polymers, such as the polytetrafluoro ethylene, show a macroscopic 
erosion effect, as a molecular emission of CF3 and CF2, induced by the incident ions. 
The created micro channels can be used to produce micro filters or perforated micro 
pipes [32]. 
• Hydrogenated polymers, such as polyethylene, loose hydrogen during the ion 
irradiation and hence become rich in carbon at high ion dose; the residual polymer 
presents a high chemical stability and high electrical conductivity. Processed 
polymers can be used to realize homocomptible surfaces or conductive channels in 
insulators [33]. 
• Polymers are often used as components in nuclear reactors, particle accelerators, 
radiation sources, space vehicles etc. Theses polymers may be exposed to a low level, 
prolonged irradiation with deleterious effect after a long period of service time. A loss 
of mechanical and electrical properties may have serious (negative) consequence on 
the functions these materials perform. In these cases, monitoring, detection and 
stabilization of radiation effects is of great concern [10, 34]. 
1.6 Radiation Induced IModification Processes in Polymers 
Irradiation of polymers leads towards processes like cross-linking of the polymer 
chains, chain-scission, oxidative degradation and changes in unsaturations, evolution of 
gaseous products etc. [35-38]. The extent of these depends upon the nature of the 
polymer, irradiation conditions and post irradiation conditions. The irradiation conditions 
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include the parameters of the bombarding particle, atmosphere and temperature. Under 
irradiation, the energy is transferred to the medium in ionizations and excitations. Having 
absorbed energy, polymers suffer bond cleavages, giving rise to non-saturated fragments 
called "free radicals" and these are responsible for most of the chemical transformations 
observed in polymers [39]. Figure 1.5 illustrates various functional chemical entities 
created by irradiation [40]. 
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Figure 1.5: Typical effects of irradiation, which include electronic excitation, phonons, 
ionization, ion pair formation, radical formation, and chain scission [41] 
1.7 Significance of Radiations in the field of material Science 
Investigation on the effects of ion irradiation on polymers has become, in recent 
years, a subject of interest to both scientists engaged in basic research and engineers with 
practical applications. For scientists, heavy ion irradiation offers an extremely powerful 
tool to modify polymers under strictly controllable conditions and to study the effect of 
such modifications on the resultant physical, chemical, structural and the other properties. 
Industrial, radiation induced polymerization; radiation grafting and radiation curing of 
polymers constitute a few among the several other areas where radiation processing 
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appears to be either economically competitive or technologically advantageous, as 
compared to the conventional methods. In space technology, the effects of radiation on 
space vehicle components now represent an important aspect of engineering specification 
and design. Finally, the increasing importance of nuclear power has also added to the 
demand for materials with special performance characteristics in nuclear environments. 
Irradiation of polymers results in a number of physical and chemical changes, 
both temporary and permanent. These modified properties are not due to any change in 
nuclear structure, but arise from new electronic configurations and hence new chemical 
reactions. Many of these reactions can be initiated by chemical means, but high-energy 
ion radiation has a number of distinct advantages. It can penetrate and induce reactions in 
solid state, over a wide range of temperatures and environments. This subject has been 
exhaustively reviewed in the literature [42, 43]. 
Many field such as micro-electronics, biology and medicine, surface and 
membrane technology, magneto-optics and low temperature physics require a high degree 
of geometric control on a microscopic scale. Ion irradiation offers a possibility to modify 
the properties of the materials in a controlled way on microscopic scale. Ionizing 
radiation have a definite range of penetration, a high local confinement of deposited 
energy and can be stored in definitely in many insulators and can be used to initiate a 
phase transformation process that modifies the material along the latent track. One ion 
suffices to induce- physically and chemically a submicroscopic change in the target 
material and thereby can render it susceptible to the development process [10]. A lot of 
work in the field of ion beam treatment has been carried out to investigate the interaction 
of charged particles with matter. The application of ion beams now a days range from the 
use of low energy ions in the field of surface technology to the application of relativistic 
heavy ions in radiation therapy. 
1.8 IMotivation 
The motivation behind the present work is to characterize swift heavy ion induced 
modifications in the optical, chemical, structural, electrical, surface, thermal and free 
volume properties of the polymers using UV-Vis spectroscopy, Fourier Transform Infra-
Red (FTIR) Spectroscopy, X-Ray Diffraction, Die electric Constant study and Positron 
Annihilation Lifetime Spectroscopy (PALS) and Doppler Broadening Spectroscopy 
(DBS) etc. 
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Chapter II 
Experimental Techniques 
2.1 Introduction 
This Chapter deals with brief description of the equipments with their relevant 
details and specifications used in the experiments carried out and various characterization 
techniques for the measurements employed in this thesis. The present work involves the 
following stages: 
[1] The materials: Polymers studied and their chemical structure. 
[2] Brief description of 15 MV Pelletron Accelerator at Inter University, Accelerator 
Centre (lUAC), New Delhi and heavy ion beams from it. 
[3] Material science chamber for irradiation 
[4] Positron Source. 
[5] Positron Annihilation Lifetime Measurements. 
[6] Ultra Violet (UV-Vis.) Spectroscopy 
[7] Fourier Transform Infra-Red (FTIR) Spectroscopy. 
[8] X-Ray Diffraction (XRD) study 
[9] Dielectric constant measurements 
2.2 The materials 
The polymeric materials investigated in the present study are: 
(i) Makrofol-KG Polycarbonate 
(ii) Makrofol-N Polycarbonate 
(iii) Lexan Polycarbontae 
(iv) Polyethersulphone (PES) 
(v) Polyamide Nylon-6 
(vi) Polyamide Nylon-6, 6 
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(vii) Polytetrafluoroethylene (PTFE) 
(viii) Polyethylene terephthalate (PET) 
(x) Polypropylene (PP) 
(xi) Polymethyl methacrylate (PMMA) 
(xii) Polystyrene (PS) 
(xiii) Polyvinylidene fluoride (PVDF) 
(xiv) Low Density Polyethylene (LDPE) 
(xv) Polyethylene Oxide -salt (PEO-salt) 
(xvi) Polyanilinegraphite (PANI-GRP) pellets 
2.2.1 MakrofoI-KG, Makrofol-N and Lexan Polycarbonates 
Makrofol polycarbonates manufactured by a casting process in the form of thin 
sheets were obtained from Bayer AG, Lever Kussen, West Germany. (Cie H14 O3) as 
Lexan polycarbonate was manufactured by General Electric Co. of U. S. A. 
Polycarbonate (PC) or specially polycarbonate of bisphenol- A, is an amorphous polymer 
with attractive engineering properties including high impact strength, low moisture 
absorption, good dimensional stability and high light transmission. Polycarbonate gets its 
name from the carbonate groups in its backbone chain. However, these polycarbonates 
have different type of behavior. Different types of Makrofol polycarbonates such as 
Makrofol-KG, KL, E, and N etc. are produced by different manufacturing processes and 
are expected to behave in differently [1]. Out of these Makrofol-KG contains a light 
amount of a colour dye while Makrofol-N is a trade name of yellow polycarbonate. 
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Makrofol polycarbonate plastics (much useful as heavy ions as well as fission 
track detectors) were originally used as insulators in electrical devices. Makrofol-KG, KL 
CH 
CHj o J n 
and N are not sensitive to particles having Z > 2 and Z > 8 respectively [2]. Makrofol-
KG, KL and N are not sensitive to a-particles and other lighter charged particles. The 
shape of tracks produced by heavy ions and fission fragments are needle like with a slight 
spread towards its tail. TTie chemical structure of Polycarbonate (PC) is 
2.2.2 Polyethersulphone (PES) 
Aromatic polymers such as Polyethersulphone (PES) are finding extensive use in 
electronics, in particular in sensor applications. The physical properties of these films 
may be tailored as has been shown that ion irradiation improves the sensor properties of 
PES films[3-5]. PES flat films were procured from Good Fellow, Cambridge Ltd., 
England (U.K.) and have the structure: 
II 
-^o>-(o> 
2.2 J Polyamide Nylon- 6 (PN-6) and Polyamide Nylon-6,6 (PN-6,6) Polymers 
These polymers were obtained from Good fellow, Cambridge Limited, England. 
The polyamides are a family of thermoplastics e.g. Polyamide Nylon-6, Nylon-6,6 and 
Nylon-610 which are among the toughest engineering plastics with high vibration-
damping capacity, abrasion resistance, inherent lubricity and high load capacity for high 
speed bearings. They have a low coefficient of friction and good flexibility. Pigment -
stabilized types are not affected by ultraviolet radiation and have good chemical 
resistance. Polyamides are used extensively as high performance plastics materials 
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because of their unique combination of superior mechanical, electrical, chemical and 
thermal properties. Applications include bearings, electrical insulators, gears, wheels, 
screw fasteners, cams, latches, fuel lines and rotary seals. The molecular structure of 
Polyamide Nylon-6, polymer used for present study is 
^ ^ I H _ 
C-(CH2)-N 
2.2.4 Polytetrafluoroethyiene (PTFE) 
Polytetrafluoroethylene (PTFE) has been classified for many years as a polymer 
that undergoes main chain scission by irradiation [6]. In some recent papers [7-10] it is 
described that PTFE is cross linked by ionizing radiation in an oxygen-fi-ee atmosphere at 
a temperature above its melting point. Therefore, the effect of irradiation on high 
crystalline PTFE (at room temperature) has to be smaller than an amorphous PTFE (in the 
melt). Additionally further qualitative changes will be expected by irradiation of molten 
PTFE. Lappan et al [11] have also studied the behavior of PTFE on such special 
irradiation conditions. PTFE Polymer was procured fi-om Good fellow, Cambridge Ltd. 
England (UK). The chemical structure of PTFE is: 
I I I i 1 
rrrr-f 
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2.2.5 Polyethylene terephthalate (PET) 
Polyethylene terephthalate (PET) is a polyester having a high melting point due to 
the presence of aromatic ring and a very good mechanical strength. It is semi crystalline 
in nature and is resistant to heat and moisture and virtually unattacked by many 
chemicals. It has extensive use in textile fibers. The changes brought about in physico-
chemical properties of PET as a result of exposure to light as well as heavy ions have 
been a subject of investigation for many years. Mishra et al [12] studied the changes in its 
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thermal and chemical properties by exposing it to swift light ions, protons. Steckenreiter 
et al [13] did an in depth study of chemical modification of PET exposed to Swift Heavy 
Ions of molybdenum and krypton. Recently Liu et al [14] and Zhu et al [15] have 
extended its study by exposing it to heavy ions of argon, krypton, xenon and uranium 
having energy in the range of 1.4-2.7 GeV. Singh et al [16] too have also recently 
reported a study on the electrical and structural properties of PET films modified by 50 
MeV lithium ions PET Polymer was procured from Good fellow, Cambridge Ltd. 
England (UK). The chemical structure of PET is. 
KH-CH-0-C-<O>-C-0-t-
1.1.6 Polypropylene (PP) 
Polypropylene is a vinyl polymer and is similar to polyethylene only that on every 
other carbon atom in the backbone chain has a methyl group attached to it. Polypropylene 
can be made ft-om the polymerization of monomer propylene. Polypropylene is the 
lightest knovm industrial polymer, and it has high strength-to- weight ratio. Being highly 
crystalline, it exhibits high stiffness, hardness and tensile strength and has excellent 
mechanical and dielectric properties. PP in the form of flat films was procured fi-om Good 
Fellow, Cambridge Ltd. England (U.K.). The chemical structure of PP is. 
-f-c—c-4-
H : C H 3 
2.2.7 Polymef hyle methacrylate (PMMA) 
Molecular weight of a polymer is of major importance in its synthesis and 
application. Interesting and valuable mechanical properties that are uniquely associated 
with polymeric materials are a consequence of their high molecular weights [17]. 
Polymethyl methacrylate (PMMA), is completely amorphous but it has high strength and 
excellent dimensional stability due to its rigid polymer chains. PMMA has exponential 
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optical clarity, very good weather ability, and impact resistance. It is an excellent material 
which is easy to structure and has the desired optical properties [18]. PMMA, known as a 
positive photo-resist for its degradation upon irradiation, has been the subject of 
investigations in radiolysis than many other polymers. This was partly due to a growing 
interest in the application of PMMA in ion beam lithography, in the semiconductor 
industry [19]. Besides wide range utilization of PMMA polymer such as its extensive use 
in expanding optical networks in the field of telecommunication, PMMA polymers have 
many application such as diffusers, indoor and outdoor lighting, lenses, and contact 
lenses. PMMA Polymer was procured from Good fellow, Cambridge Ltd. England (UK). 
The chemical structure of PMMA is. 
H 
C 1 1 
H 
C H 3 
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2.2. 8 Polystyrene (PS) 
Polystyrene is polymer of having wide industrial applications. Its radiation 
chemistry has been extensively studied. It is the most radiation resistant of the polymers 
and hence occupies a unique position in the study of radiation effects. Polystyrene sheets 
were obtained from Good fellow, Cambridge Limited, England. The molecular structure 
of polystyrene is: 
n 
H H 
I I 
_ C — C -
2.2,9 Polyvinylidene fluoride (PVDF) 
PVDF is a specialty plastic material in the fluoropolymer family, it is used 
generally in applications requiring the highest purity, strength, and resistance to solvents, 
acids, bases and heat and low smoke generation during a fire event. Compared to other 
fluoropolymers, it has an easier melt process because of its relatively low melting point. It 
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has a relatively low density and low cost compared to the other fluoropolymers. It is 
available as piping products, sheet, tubing, films, plate and an insulator for premium wire. 
It can be injected, molded or welded and is commonly used in the chemical, 
semiconductor, medical and defense industries, as well as in lithium ion batteries. PVDF 
paints have extremely good gloss and color retention, and they are in use on many 
prominent buildings around the world, e.g. the Petronas Towers in Malaysia and Taipei 
101 in Taiwan, as well as on commercial and residential metal roofing. PVDF membranes 
are used for western blots for immobilization of proteins, due to its non-specific affinity 
for amino acids The (PVDF) in the form of flat films was procured fi-om Good Fellow, 
Cambridge Ltd. England (U.K.). The chemical structure of PVDF is 
H 
1 
1 1 
H 
F 
1 
1 
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n 
2.2.10 Low Density Polyethylene (LDFE) 
Polyethylene is a vinyl polymer, made fi-om the monomer ethylene. Vinyl 
polymers are the polymers made fi"om vinyl monomers i.e. small molecules containing 
carbon-carbon double bonds. 
H H H H 
Pol3?merization 
C = C ~ »- -hC-C+r 
/ \ n 
H H H H 
Ehtylene Polyeh^lene 
So, a molecule of polyethylene is nothing more than a long chain of carbon atoms, 
with two hydrogen atoms attached to each carbon, like, 
H H H H H H H H 
yv>AA<w C—C —C — i - C - C — C — C —^'^ww 
I I I I I I I I 
H H H H H H H H 
Sometimes some of the carbon atoms, instead of having hydrogen attached to 
them will have long chains of polyethylene attached to them. Polyethylene is of two 
types (i) Branched polyethylene, known as low density polyethylene or (LDPE).(ii) 
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Linear polyethylene, known as high density polyethylene or (HOPE); as shown in 
Figure 2.1. 
Figure 2.1: (a) Branched polyethylene or (LDPE) (b) Linear polyethylene or HDPE 
Polyethylene is one of the common polymers utilized in various fields; engineering, 
medical, and agricultural and even our daily life. LDPE Polymer was procured from 
Good fellow, Cambridge Ltd. England (UK). 
2.2.11 Polyethylene Oxide -salt (PEO-salt) 
Solution-cast films each of total mass 3g of PEO (BDH, England) and of average 
molecular weight 600 Kg/mol complexes with NH4CIO4 (Fluka AG, 99.5% purity) were 
prepared in salt concentration of 17% and 19%. Pure PEO is non conducting while its 
complex PEO(i.x) (NH4C104)x with weight fraction x = 17%, 19% is an ion conducting 
polymer. 
2.2.12 Polyaniline-graphite (PANI-GRP) pellet 
Synthesis and investigation of elecfro physical properties of polymer composites 
based an polyconjugated matrices and graphitized carbon species, is currently a very 
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popular topic in the field of material science. PANI-graphite polymer composites are 
regarded as promising material for use in lithium batteries, super capacitors, actuators and 
sensors etc. Conjugated polymer PANI was prepared as a product of oxidative 
polymerization of aniline. The reaction temperature was in the range O-IO^C. Polyaniline 
chloride was filtered, washed with double distilled water and dried at 45° C for 24 hrs and 
then treated with 3% aqueous ammonia. Polymer composite based on polyaniline (PANI) 
and graphite were prepared using powder technology whereby the polymer and filler 
powders were mixed at room temperature in 1:2 ratio. 
2.3. Irradiation of Polymers by Swift Heavy Ion Beams 
2J.1. 15 UD Pelletron Accelerator at Inter University Accelerator Centre 
(lUAC), New Delhi. 
A schematic diagram of lUAC Pelletron accelerator is shown in Figure 2.2. The 
lUAC Pelletron accelerator is 15 UD tandem Van de Graff electrostatic accelerator [20]. 
It is capable of accelerating any ion fi-om proton to uranium (except the inert gases) in the 
energy range from a few tens of MeV to a few hundreds of MeV, depending on the ion 
species. The accelerator is installed in vertical geometry in a stainless steel tank which is 
26.5 meter high and has 5.5 meter diameter. In the middle of the tank there is a high 
voltage terminal which can hold potential from 4 to 16 NfV. The terminal is connected to 
the tank vertically with ceramic titanium accelerating tubes. The tank is filled with high 
dielectric constant SFe gas at 6-7 atmospheric pressure to insulate the high voltage 
terminal from the tank wall. A potential gradient is maintained through the accelerating 
tubes from the ground potential, and from the terminal to the ground potential at the 
bottom of the tank. Negative ions of suitable energy from source of negative ions by 
Cesium Sputtering (SNICS) ion source are injected into the accelerator and are 
accelerated towards the positive terminal. In the first stage of acceleration, the singly 
charged negative ions fi"om the ion source are accelerated from ground potential to the 
terminal at high positive potential V. The energy gained in the process is eV. The beam is 
then made to pass through a stripper foil where the ions are stripped off the electrons 
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thereby making them positive ions. The average charge of the ion depends upon the type 
of the ion and the terminal voltage. 
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Figure 2.1: A schematic diagram of NSC Pelletron Accelerator 
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If q is the charge state on the positive ions after passing through the stripper foil, the 
energy gained by accelerating it from the terminal to the ground potential should be qeV. 
Thus after passing through the two stages of the acceleration, the final energy of the ion 
in electron volts is given by 
E = (q+l)V (2.1) 
These high-energy ions are then passed through the analyzing magnet and energy slit 
which selects the particular ions of the desired energy. The beams of ions are then 
directed towards the desired experimental area with the help of a seven port-switching 
magnet. 
23.2. Chamber for high fluence irradiation at lUAC 
This high vacuum chamber (38 cm diameter) has a facility for temperature 
controlled (liquid cooled) multiple sample holders having provision for linear movement 
of 120 mm and a rotation of 360° shown in photograph 2.1. A vacuum of 10'^  m bar is 
maintained by using a diffusion pumping system filled with a LN2 trap. A remote 
controlled target holder can be positioned perpendicular to the beam line for irradiation. 
Various samples can be irradiated in an experiment using bellow-sealed linear movement 
of the holder by 140mm. Material science beam line is used for ion fluence up to ~ lO'^  
ions/cm .^ For irradiation one has to observe whether ion beam is falling at the desired 
place on the quartz or not, only after that the beam is allowed to fall on the samples to be 
irradiated. The rectangular ladder used to fix up seven samples contains four faces and 
auto control switches can change its position. A CCTV camera was also attached to one 
of the ports of chamber for viewing the sample position. XY scanner can scan the beam 
on the target for uniform irradiation. 
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Photograph 2.1: General Purpose Scattering Chamber installed at 15^  beam line 
at Inter University, Accelerator Center, New Delhi 
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2.4 Characterization Techniques 
2.4.1 Positron Annihilation Spectroscopy 
2.4.1.1 Positron 
Positron was discovered by Anderson [21] on 2"'' August, 1932 from the length of 
the tracks in the Wilson cloud chamber. Anderson concluded that he had observed the 
particle with same mass as that of electron but of opposite charge i.e. +e. Hence Positron 
is the anti particle of the electron. 
2.4.1.2 Positron Annihilation 
The damage caused by the passage of energetic ion modifies the free volume 
properties of the polymeric material. The concept of free volume has significant 
importance for the gas permeation properties of polymeric membranes as well as for other 
related subjects of polymer science. The positron annihilation lifetime spectroscopy is 
capable of probing free volumes directly. The atomic scale free volume holes are detected 
on the basis that the positronium (Ps) atoms are formed and localized in the free volume 
holes [22]. The ortho-positronium (o-Ps) lifetime has a strong correlation with the size of 
the free volume. 
Now a days, Positron annihilation has become established as a useful tool in the 
field of material science and is successfully applied for the investigation of defect 
structures present in metals, alloys and technologically relevant materials such as 
polymers. Positron-electron pair is unstable and annihilates by emitting two y-photons of 
energy 511 KeV each in opposite direction, since the linear momentum is to be 
conserved. 
tu^ '^ "^* 
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Positron annihilation is undertaken to the study of Fermi surface of the metals 
and alloys and also it has been found that positron annihilation is quite sensitive to the 
lattice defects and is a common technique used in the study of lattice defects, phase 
transitions and liquid alloys. Positron electron pair can also be formed as a quasi-
stationary state called positronium. It is analogues to the hydrogen atom. Positronium is 
found in the Para state called Para-positronium (p-Ps) and ortho state called ortho-
positronium (o-Ps). Para-Ps will decay through two y- photons and the ortho-Ps will 
decay by three y-photons. Ps is generally not formed in metals. Positron annihilation 
lifetime spectroscopy provides direct information about the dimension, content and hole 
size distribution of the free volume in polymers. The Positron annihilation technique has 
also made its entry in the field of semiconductor technology and the positron annihilation 
measurement techniques (lifetime, Doppler-broadening and angular correlation) integrate 
a large number (often~10*) of annihilation events. Hence today this technique has become 
established as a useful tool in material science and has been successfully applied for the 
investigation of defects structures present in technologically relevant materials like 
polymers. 
2.4.2 Positron Annihilation Lifetime Spectroscopy (PALS) 
The Positron annihilation Spectroscopy is one of the most important tools for the 
study of defect in solids. Almost all experiments use the properties of the two-gamma 
annihilation reaction. 
e^  + e' — 2Y (2.2) 
when a positron with an energy of few hundreds of KeV, e.g. from nuclear decay from 
radio-isotopes such as ^^ Na enters molecular solids, it interacts with the molecules 
through elastic collision processes. It reaches the thermal energy in a few picoseconds by 
a succession of ionizing collisions, electron hole excitation and phonon interactions. For 
the period of thermalization and at nearly thermalized stage, a positron captures an 
electron from the surrounding medium and forms an atom of positronium (Ps). Thus the 
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bound state of positron-electron pair is formed similar to a hydrogen atom. Therefore, 
during its lifetime, the positron may exist in both positron and Ps states in molecular 
solids. The polymeric materials have local free volumes which have the radius of few A. 
These are the favorable sites where the positron and Ps atoms are localized before 
annihilation [23, 24]. It is schematically shown in the Figure 2.2. In the polymeric 
material, the positron has following two possible states at the time of annihilation 
(i) Free (delocalized) and /or localized positron state 
(ii) Free and /or locahzed Ps state. 
The localization sites are free volume holes which are more favorable sites than 
the bulk for positrons and Ps. The Positron Annihilation Spectroscopy probes only free 
volume regions and is not interfered by the bulk properties of the polymeric material [26]. 
The ground state of Ps atom has two spin states: (i) Singlet, 1 'So state, or an anti parallel 
spin state, called para-positronium. (p-Ps) (ii) friplet, 1 ^SQ state or a parallel spin state, 
called ortho-positronium (o-Ps). The energy splitting is only 8.4x10'^  eV, the singlet state 
being the lower one. Accordingly, in the absence of ortho-para conversion, Vi of the 
positronium atoms are in the singlet state and % in triplet state. 
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A ' 
Figure 2.2: Schematic view of Ps localization in free volume holes in a Polymeric 
material [25] 
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The para-positronium in free space annihilates with mean life of 125 ps, by 
emitting 2y-rays of 511 KeV each in opposite directions whereas o-Ps annihilates in 
vacuuip with mean life of 142ns by emitting Sy-rays (continuous energy spectrum). The 
o-Ps lifetime in condensed matter is considerably smaller than the vacuum value of 142 
ns, because of the pick-off annihilation of positron by surrounding electrons of 
iq)propriate spin orientations (anti-parallel one) via two-quantum emission. The lifetime 
of the o-Ps confined in the local free volume of the polymers lies typically between 2 to 
5x10-'s. [24,27-31]. 
The positron lifetime can be registered as a time difference between the emissions 
of 1.27 MeV y-quantum generated almost simultaneously with the positron in ^^ Na 
isotope which is the most conmionly used positron source and one of the 0.511 MeV 
annihilation y-quanta Figure 2.3. 
The lifetime spectrum of polymeric material is conventionally described by a sum 
of discrete exponentials: 
N{t) = X I^e-''' (2.3) 
where n is the number of exponential terms, Ij and X; representing the number of positrons 
(intensity) and the annihilation rate respectively for the annihilation from the ith state. The 
positron annihilation rate, Xi is the reciprocal of positron mean lifetime, Xj. The PAL 
spectrum is fitted by a finite number of component terms, n, using the computer codes 
[29, 32]. For polymers n=3 is selected to fit the observed lifetime spectrum. A typical 
positron lifetime spectrum in polytetrafluroethelene, commercially known as Teflon is 
shown in Figure 2.4. The three components which appear in the lifetime spectrum are 
attributed to the annihilation of p-Ps, free positrons (not Ps) and o-Ps. The shortest 
component, tj = 0.13±0.03 ns with intensity li = 7-20 %, is attributed to p-Ps. The 
intermediate component, T2 =0.4-0.5 ns and the intensity h = 40-60 %, is attributed to the 
direct annihilation of positrons. The longest component, T3 = 2-5 ns and intensity between 
10-30 %, is attributed to o-Ps annihilation in free volumes. The o-Ps lifetime is found to 
sensitively depend on the size of the free volume [34-35]. 
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2.4.3 Positron Annihilation Spectroscopy in Polymers 
Positron Annihilation Spectroscopy (PAS) has become established as a useful 
tool as almost certainly the most valuable and winning technique for the direct assessment 
of the free volume in polymers. PAS is capable of determining the local hole size and 
free volume fractions in polymers without interfering significantly with the bulk of the 
polymers. PAS has also been developed to be a quantitative probe of the free volume. It 
also gives detailed information on the distribution of free volume hole size in the range 
from 1 to 10 A. The annihilation of positrons in condensed matter like polymers provides 
a unique way of obtaining information about the internal structure of material. This 
information is transmitted through y-rays, emitted when the positron annihilates in the 
material. The internal structure of the material may be probed by measuring three 
frmdamentally different quantities: 
• Angular correlation between emitted y-rays, 
• The energy distribution of the y-rays 
• The lifetime distribution of Positron. 
Thus the Positron Annihilation Spectroscopy is a family of three experimental 
techniques: 
• Angular Correlation of Annihilation Radiation (ACAR) 
• Doppler Broadening Spectroscopy (DBS) 
• Positron Annihilation Lifetime Spectroscopy (PALS) 
These three methods of positron annihilation are shown in Figure 2.3. Because 
energy and momentum are conserved in the annihilation process, the two y - rays 
resulting from the usual electron-positron pair annihilation each have an energy equal to 
the rest-mass energy of an electron or positron (moC^  = 511 keV) ± AE where AE is an 
energy shift. The two y-rays nearly propagate in opposite directions ± an angular 
deviation 6, as shown in Figure 2.3 the deviations AE and 6 arise from the net momentum 
of the annihilating positron-electron pair. However, since the positrons have only thermal 
energies just prior to annihilation, the values of AE and 9 corresponded only to the 
momenta of the annihilating electrons. All these techniques have recently been applied to 
polymers. In the present study PALS has been used to investigate modifications in free 
volume holes in the polymers induced by the ion bombardment. 
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2.4.4. Nano Scale-Void detection by PAL measurements 
o- Ps lifetime which is due to annihilation by pick-off process is determined by 
the overlap of Ps wave function with bulk electrons of surrounding medium and the o-Ps 
lifetime becomes dependent on the trap size. Thus, PAL method can used to probe the 
free volume in amorphous media. The relation between free volume size and the o- Ps 
decay rate, X,3, is given by Tao-Eldrup model [20,37], assuming that the Ps is trapped in a 
spherical hole with radius R^  = R + AR having an infinite potential barrier. This simple 
model for Ps confined in a spherical box is schematically shown in Figure 2.5. Tao-
Eldrup model treats the o-Ps atom as a single scalar particle with twice the electron mass 
trapped in an infinite spherical potential well in the ground state. In the central portion of 
the well the o-Ps atom is assumed to have an infinite lifetime (the finite 142 ns vacuum 
lifetime is ignored) and with in a distance AR from the walls of the walls of the well the 
o-Ps atom is assumed to have the spin-averaged Ps lifetime. The overall annihilation rate 
is calculated by averaging the annihilation rate over the volume of the pore using the 
square of the normalized o-Ps wave function as a weighting factor. Since lifetime is 
ignored, the calculated annihilation rate is actually the pick-off annihilation rate due to 
interactions with electrons in the walls of the well. Using this model the annihilation rate 
due to interactions with electrons in the walls of the well. Using this model the 
amiihilation rate of o-Ps trapped in a pore of radius R + AR is given by X where X = 
(l+Xi+X3)/4 is the spin averaged vaccum annihilation rate and X,i, X3 are the singlet and 
triplet vacuum annihilation rates. This model has one free parameter, AR, which is 
determined to be 1.66 A by fitting to data taken in well characterized small pore materials 
such as zeolites [38] and has been shown to be quite material independent. 
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Electron layer 
thickness 
Figure 2.5: A schematic diagram for a semi-empirical quantum mode) for Ps localized in a sptierical box 
witli a radius R, which includes the radius of free volume hole Ro, and a uniform electron 
layer with a thickness R. The ground state Ps wave fuction is schematically shown and the 
annihilation rate is proportional to the overlap between the Ps and electron densities as shown 
in the shades are [26]. 
This treatment neglects both the finite o-Ps lifetime in the central portion of the 
well and the possibility that excited states in the well may be populated. For pores, 1 nm 
in radius at room temperature both these effects can be ignored since typical pick-off 
annihilation rates of order 0.5 ns"' are much larger X3 and since the energy gap between 
the ground state and first excited state, of order 140 MeV, is larger as compared to kT. 
Assuming that the annihilation rate of o-Ps inside the electron layer is 2 ns', which is the 
spin averaged annihilation rate of p-Ps and o-Ps and is also very close to annihilation rate 
of Ps [26], the o-Ps lifetime as a fiinction office volume radius R is given by. 
T3=-L = i , R 1 e-
1 + — Sin 
Ro 2;r 
ITIR') 
Ro J 
(2.4) 
where Ro = R + AR 
The correlation between, T3, and fi-ee volume (spherical) is shown in Figure 2.6. 
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Figure 2.6: A correlation curve between the observed o-Ps lifetime and tlie volume of the free 
volume holes. The solid line is the best fit using equation 1.4 with AR=1.656 A. 
The data points are the measured o-Ps lifetimes in molecular systems with known 
pore size [38]. 
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2.4.5 Meaning of Positron Annihilation Spectroscopy (PAS) 
Two types of information can be obtained from tiie positron anniliilation 
experiments. First related to tiie electron density at the annihilation site and the other 
related to momentum distribution of the electrons. Angular correlation or Doppler 
broadening experiments gives information regarding to the distribution of electron 
momenta. The experiment of two gamma to three-coincidence ratio gives the information 
regarding the fraction of positrons which are annihilating after positronium formation. 
The same is also obtained by lifetime measurement method. The electron density 
distribution is substantially affected by defects, present in the crystal and the mean 
lifetime of positron is sensitive to electron density. Thus the lifetime measurement 
method is commonly employed for these studies. There are mainly four reasons for the 
rapid growth of Positron Annihilation Spectroscopy. 
(i) Positron can provide unique information on a wide variety of problems in 
condensed matter physics 
(ii) Positron annihilation can be applied in the field of non-destructive testing of 
the material as the information is carried out of the material by the penetrating 
annihilation radiation 
(iii) In recent years Positron Annihilation Spectroscopy has provided a unique 
probe to study the size and number distribution of the sub nanometer cavities 
(iv) Now a days, equipment is not very expensive and is commercially available. 
2.4.6 Positron Sources 
More than 200 positron- emitting nuclides are known of which about a dozen can 
be used as sources in positron annihilation experiments [39]. A large majority of 
investigations on solids by positrons has been done with 22Na or 58Co positron sources, 
mainly because of their low production costs and relatively convenient half-lives. Table 
2.2 lists many of the relevant properties of the commonly used isotopes [40]. 
The significant properties of a positron emitting nuclide are: 
(a) Positron capitulate 
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(b) End point energy 
(c) Half life 
(d) Ease of production 
The significance of the positron capitulate is trivial. The end point energy is in 
two respects, the first being the positron penetration in the sample 'X' (2.5) 
X = 1/H+ In I (o)/I (x) (2.5) 
where X is the penetration distance in the sample, fx+ is the absorption coefficient, 
I (0) is the initial positron density I (X) is the positron density at x after a beam of 
positron initial density I (0) traversed a thickness x of a given sample (and the second the 
percentage of positrons annihilating in the source). One can thus expect by virtue of the 
end-point energies that the most energetic positron can penetrate the sample to a depth of 
about 1 mm, although some positrons will stop or return to and annihilate at or near the 
surface of the sample. 
Half-life of the nuclide should be large enough to be able to perform a series of 
measurements with the same source. However there is no need for a half-life larger than 
a few years. The energy of the start gamma should be significantly higher than that of the 
annihilation gamma rays to make the recognition easy and prevent spectrum distortion. 
Table 2.1 shows the end point energy, half-life and positrons per decay for several 
isotopes. For lifetime or Doppler measurements, the simplest way to guide the positron 
into the samples is to use a sandwiched configuration .The source should be very thin so 
that only a small fi-action of the positrons annihilate in the source. Radioactive material 
can be deposited directly on the samples or consist of a single radioactive metal foil. In 
our experiment we used the radioactive isotope ^^ Na. The decay scheme of ^^ Na is shown 
in figure 2.2. ^ Na decays through positron emission and by electron capture to the first 
excited state (at 1274 KeV) of ^^Ne. The excited state goes to the ground state by the 
emission of 1274 -KeV gamma ray with a half life-time x\a of 3x10"'^  s. Thus positron 
emission is almost simultaneous with the emission of 1274 KeV gamma ray while the 
positron annihilation is accompanied by two511-KeV gamma rays. The measurements of 
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the time interval between the emission of 1274 KeV gamma ray and 511-KeV gamma 
rays can yield the lifetime 'T ' of positron annihilation. 
2.4.7 Source Corrections 
The amount of positrons annihilating in the source (10-15%) is related to the 
geometry of the sandwich configuration, the thickness and density of the foil include, and 
of the specific sample for which the measurements are made. The samples enter into the 
consideration because the positron may reflect at the sample source interface. These 
annihilation contribute additional lifetime components to the lifetime spectrum. In order 
to obtain suitable values of lifetimes and their intensities in samples to be studied it is 
important to make correction foe these components as precisely as possible. The 
correction should be measured using defect free reference samples. Berolaccini and 
Z ^ p a [41] have given an empirical formula for the foil intensity as: 
I fou (%) = 0.324xZ°'^xD^*^'^"'" (2.6) 
where Z is the sample atomic number and D is the foil thickness in mg/cm^. At high Z 
values (>40) this formula overestimates the foil intensities. 
2.4.8 Commonly used positron-emitting isotopes 
T a b l e - 2 . 1 
Isotope 
^^ Na 
"^Co 
44^j 
^Cu 
"^Ge 
"Ni 
'Vb 
^^ Co 
Half life 
2.6 Y 
71 d 
47 Y 
12.7 h 
257d 
36 h 
14.6 h 
18.2 h 
decay(in%) 
90 
15 
94 
19 
88 
46 
53 
77 
Maximum 
energy or end 
point energy 
0.54 
0.47 
1.47 
0.66 
1.90 
0.85 
1.50 
1.50 
Application in 
lifetime 
studies 
Yes 
Yes 
Yes 
No 
No 
Yes 
No 
Yes 
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2.5 Ultraviolet Visible (UV-Vis.) Spectroscopy 
Absorption methods involve determination of the reduction in power suffered by a 
beam of radiation as a consequence of passing through the absorbing medium. When an 
electromagnetic radiation in UV-Vis region (200-800 nm) falls on the target material, a 
part of the incident radiation is absorbed by the atoms leading to the transition of the 
orbital shell electrons. Ultraviolet visible (UV-Vis.) spectroscopy is the powerful 
analytical tool which gives an idea about the value of optical band-gap energy (Eg) and 
thus provides an important tool for investigation. In fact Ultraviolet and visible (UV-Vis.) 
absorption spectroscopy is the measurement of the attenuation of a beam of light with 
wavelength after it passes through a sample or after reflection from a sample surface. The 
short wavelength limit for simple UV-Vis Spectrometers is ISOnm due to absorption of 
ultraviolet wavelength below 180nm by the atmospheric gases. The absorbance A, is 
related to the input and output intensities according to the Beer-Lambert Law [42] which 
is shown in equation [2.7] 
Io~^ (2.7) 
The absorbance. A, Can be divided by the path length, 1 to yield absorption 
coefficient [45] a which quantities quantifies the absorbance per meter, thus taking film 
thickness into account [2.6] 
a(X) = 2 .303- (2.8) 
The absorption of light energy by polymeric materials in the ultraviolet or visible 
radiation region corresponds to excitation of outer electrons. When an atom or molecule 
absorbs energy, electrons are promoted from their ground state to a higher energy state 
(excited state). 
Figure 2.7 depicts this excitation process which is quantized. The electromagnetic 
radiation that is absorbed has energy equal to the energy difference between the excited 
and ground states. The order of the energy changes are of 125 to 650 kJ/mole. 
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E (excited) 
E (ground) 
AE = [E (excited) - E(ground)] = hv 
Figure 2.7: The excitation process 
In a molecule, the atoms can rotate and vibrate with respect to each other. These 
vibrations and rotations also have discrete energy levels which can be considered as being 
packed on the top of each electronic energy level as shown in Figure 2.8. Absorbance of 
ultraviolet and visible radiation in molecules is restricted to certain functional groups 
(chromophores) that contain valence electrons of low excitation energy. The spectrum of 
a molecule containing these chromophores is complex. This is because the superposition 
of rotational and vibrational transition on the electronic transitions gives s combination of 
overlapping lines. This appears as a continuous band. The various possible electronic 
transition in organic molecule are shown in Figure 2.9. 
<i> 
c 
UJ 
Rotational 
electronic levels 
Vibrational 
electronic levels 
Figure 2.8: Electronic energy level diagram, Eo represents the ground state and E* 
is the excited state. 
i5 
UJ 
cr 
(i)- TT—»TT 
-®-
CT—*CJ 
<§> 
Antibonding cr 
Antibonding TT* 
Non-bonding n 
Bonding TT 
Bonding CT 
Figure 2.9: Energy level diagram for different electronic transitions 
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The n —^ n* transition requires lesser energy and hence transition of this type 
appears at longer wavelength. These are the transition of interest in the study of ion-beam 
induced optical modification in polymers. 
Irradiation of polymeric materials results in the shifting of absorption edge from 
UV towards the visible region. This shift can be correlated with the optical band gap (Eg) 
using Tauc's expression [44] 
(D 8^2(X) = (hco-Eg)^ (2.9) 
where e2(X) is the imaginary part of the complex refractive index, i.e., the optical 
absorbance and X is the wavelength. Eg is usually derived from the plot ezQ.) versus Ifk. 
The intersection of the extrapolated spectrum with abscissa yields the gap wavelength 
(k^, fix)m which gap energy can be derived by 
he Eg=— (2.10) 
Further, the compounds having double or triple bonds and phenolate or quinonic 
structures favour cluster formation under suitable ion irradiation. The number of carbon 
hexagon rings in the cluster 'N' can be found from the Robertson relation [45]. 
£ , = i | e V (2.U) 
Here 2p is the band structure energy of a pair of adjacent n sites and its value is taken as -
2.9eV for a six numbered carbon ring. Fink et al have pointed out that the Robertson 
equation under estimates the cluster size in irradiated polymers. Thus the structure of the 
cluster was assumed to be like a buck minister fullerene, that is, a Ceo ring instead of Cg 
and the relation emerges: 
34 3 E^=^ey (2.12) 
where N is the no. of carbon atoms per cluster in the irradiated polymer .Above relation 
has been used to calculate obtained the no. of carbon atoms per cluster in the irradiated 
samples. 
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2.5.1 Instrumentation 
The typical ultraviole-Visible spectrometer consists of a light-source, a 
monochromator and a detector as shown in figure 2.10. The light source is usually a 
deuterium lamp which emits electromagnetic radiation in the ultraviolet region of the 
spectrum. A second light source, tungsten lamp is used for wavelengths in the visible 
region of the spectrum. The monochromator is diffraction grating; its role is to spread the 
beam of light into its component wavelength. A system of slits focuses the desired 
wavelength of the sample cell. The light that passes through the sampler cell reaches the 
detector which required the intensity of the transmitted light (I). The detector is generally 
a photo multiplier tube, although in modem instruments photodiodes are used. 
Diffraction 
Grating A ^ 
Mirror 4 Detector 2 
• | — I , 
Hatf Mirror 
Figure 2.10: Typical Ultraviolet -Visible spectrometer 
In a typical double - beam instrument, the light emanating from the light source is 
split into two beams, the sample -beam and the reference beam. When there is no sample 
cell in the reference beam, the detected light is taken to be equal to the intensity of light 
entering the sample (lo). The spectrum is generally recorded as plot of absorbance versus 
wavelength. 
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2.6 X-Ray Diffractions Study (XRD) 
X-rays can be used for chemical analysis in three different ways: 
• The first method uses the fact that X-rays emitted by an excited element have a 
wavelength characteristic of that element and the intensity proportional to the number 
of excited atoms. The excitation can be caused by direct bombardment of the target 
material with electrons (direct emission analysis and electron probe microanalysis) or 
by irradiation of material with X-rays of shorter wavelength (fluorescent analysis). 
• The second method utilizes the different absorption of X-rays by different materials 
(absorption analysis). 
• The third method involves the diffraction of X-rays by crystals having geometrically 
periodic arrangement of atoms separated by distance comparable to X-rays 
wavelength (diffraction analysis). This method is widely used for qualitative 
identification of crystalline phases. The condition for diffraction of a beam of X-rays 
from a crystals is governed by the Bragg equation: 
2dsin (0) = nX with >. < 2d (2.13) 
where i is the wavelength of the X-rays, d is the interplanar spacing for a family of 
planes; n is the order of the diffraction and ^the incoming diffraction angle. 
In thin films, X-rays are diffracted by the oriented crystallites at a particular angle 
to satisfy the Bragg's condition. Having known the values of 9 and X, one can calculate 
the interplaner spacing. Schematic view of XRD is shown inO Figure 2.11 
X-RAY 
TUBE 
COUNTER 
Figure 2.11: A schematic of x-ray diffractometer. 
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The XRD can be taken in various modes such as 9-29 scan mode, 9-29 rocking curve, 
and ^scan shown in figure 2.12. 
Figure 2.12 An illustration of ^scan x-ray difli^ ction, where, (o - angle between incident x-
rays and sample surface, 20 - angle between incident x-rays and detector, \i/ -
sample tilt, (p - in-plane sample rotation, x,y- in-plane displacement of sample, z -
vertical displacement of sample. 
In the 9-29 scan mode, a monochromatic beam of X-ray is incident on the sample 
at an angle of 9 with the sample surface. The detector motion is coupled with the x-ray 
source in such a way that it always makes an angle 29 with the incident direction of the 
X-ray beam. The resulting spectrum is a plot between the intensity recorded by the 
detector and 29.Reflection geometry was used in measurements (sample were thin film 
samples and other possible geometry is the transmission geometry. 
The crystallite size in pristine and irradiated polymers was determined by Scherrer 
formula (2.14). 
Crystallite size (L) = (2.14) 
dxcosd 
where K is the shape factor of the average crystallite (0.9), X is the wavelength (1.54 A) 
for Cu KQ], d is full width at half maxima (FWHM) and 0 is the peak position in radian. 
In the present work, the XRD pattern for the bulk and thin films of different 
polymers were recorded at Inter-University Accelerator Centre (lUAC), New Delhi using 
D8 Advanced Bruker diffractometer with Cu-K<j radiation (A.=1.541838A) at room 
temperature by taking 0.020 step size. The cathode was maintained at 30 kV. Diffraction 
patterns were recorded in the range 20° < 2G < 80°. 
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2.7 Fourier Transform Infrared (FTIR) Spectroscopy 
Infrared spectroscopy is one of the most powerful analytical techniques which 
offer the possibility of chemical identification. It involves the twisting, bending, rotating 
and vibrational motions of atoms in a molecule. Upon interaction with the IR radiation, 
some portion of the incident radiation is absorbed at particular wavelengths. The 
multiplicity of vibration occurring simultaneously produces a highly complex absorption 
spectrum which is uniquely characteristic of the functional groups comprising the 
molecule and of the overall configuration of the atoms as well. 
For IR absorption to occur, two major conditions must be fulfilled: 
• Energy of radiation must coincide with the energy difference between the excited 
and the ground state of the molecule. The radiant energy will then be the absorbed 
by the molecule, increasing its vibration. 
• The vibration must entail a change in electrical dipole moment. 
The infra-red spectrum of a compound is essentially thebe superposition of 
absorption bands of specific functional groups. No two compounds will have same infra-
red spectra (except optical isomers). Thus, infra-red spectra is regarded as the fingerprint 
of a molecule. The higher frequency portion of the infra-red spectra (4000-1300 cm') is 
called the functional group region which shows the absorption arising from stretching 
vibrations and are useful for identification of the functional groups. The absorption 
pattern in the region 1400-650 cm"' is unique for a particular compound and hence called 
fingerprint region. Both the stretching and bending modes of vibration give rise to 
absorption in this region. 
2.8 Electrical Studies 
If a polymer contains glacial groups is placed in an electric field, direction of its 
units and smaller kinetic units will be observed at a definite field - frequency ratios, and 
this gives rise to values: dielectric constant and tan5 (dissipation factor). Important 
method that takes place in any dielectric material under the manipulate of electric field is 
polarization i.e. the limited displacement of bound charges or orientation of dipole 
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molecules. The dielectric polarization may be judged in terms of the dielectric constant 
and the dissipation factor (loss angle or tan6). 
The best dielectric materials are those which contain a minimum of charge carriers 
and potential charge carriers which may be formed by splitting of covalent, atomic or 
molecular bonds under the influence of the energetic ions. The dielectric response of 
material provides information about the orientational transnational adjustment of mobile 
charges present in the dielectric medium in response to an applied electric field. The most 
important property of dielectric materials is ability to be polarized under the action of the 
field. The dielectric loss behavior of polymer films is very important because of their 
possible applications for insulation isolation and passivity in micro-electronic circuits 
[46]. In general polymers are insulators and commonly used in insulation of electric 
wires. However, certain classes of polymers have been discovered and used as 
semiconductor and capacitors with unusual electrical properties. 
The electrical conductivity depends on fi-ee ions and not only strongly bonded 
with the macromolecules. Therefore, the conductivity of polymers mostly depends on the 
presence of low-molecular mass impurities that can serve as source of ions[47]. The 
conductivity of the polymers approximately lies between 10'^  to 10"' ohm''cm''. 
Dielectric constant is mostly used to determine the ability of an insulator to store 
electrical energy. The dielectric constant is the ratio of the capacitance induced by two 
metallic plates with an insulator between them to the capacitance of the inefficiency of an 
insulating material [48]. If the material is to be used for strictly insulating purpose, it 
would be better to have a lower dielectric constant. 
The capacitance (C) and the dielectric loss (tan5) measurements have been made 
with the help of variable frequency LCR meter (Hewlett Packard 4284 A) in the 
frequency range of 1-lOOOkHz at room temperature. The measured values of capacitance 
then have been converted into the dielectric constant (e) by using the formula: 
s.A n 
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^ 
where d is the thickness of polymer film, A is the area of the electrode plates and 80 is the 
permittivity of free space. AC conductivity is calculated by the relation given below: 
Oac = iTc/tanSeoEr (2.16) 
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Chapter III 
POSITRON LIFETIME AND DOPPLER BROADENING 
STUDIES OF POLYMERS 
3.1 Introduction 
An energetic ion passing through the polymeric material looses energy by nuclear 
stopping and /or electronic stopping. The outcomes of the ion irradiation on the polymers 
include electronic excitations, phonons, ionization, ion pair formation and chain scission. 
Various gaseous molecular species may be released during irradiation. Most prominent 
emission is hydrogen followed by less abundant heavier molecular species which are 
scission products from the pendant side groups and chain and segments and their reaction 
products. Cross-linking occurs when two free dangling ions or radical pairs unite, 
whereas double or triple bonds are formed if two neighboring radicals in the same chain 
unite. Magnitude of scission and cross-linking depends largely upon the energy loss 
mechanism. Nuclear stopping is supposed to be responsible for scission and electronic 
stopping is responsible for cross-linking although both the processes can cause cross 
linking as well as scission [1]. 
Ion induced modifications of the polymeric materials have been attempted in a 
variety of ways using the ion energies from few hundred KeV to few hundered MeV. 
From the lightest ions like H"^ , He"^  to heavy ions Au"^  and iT have been employed for the 
modification of polymeric materials. Most of ion beam experiments are related to the 
implantation modification of polymers. These are mostly focused on the study of 
conductivity changes resulting from ion implantation [2]. Ion implantation has also been 
used to improve the surface, optical and gas permeation properties of polymers. 
Availability of heavy ion accelerators has given new impetus to the field of ion induced 
modifications. Ion induced modifications in physical and chemical properties and the 
potential areas of its application are discussed in detail by Lee [3]. 
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The ion path in a polymeric material is described by a cylindrical trajectory 
defined by the physical core of radius TC (the approximately limiting distance from the 
particle trajectory at which electronic excitation occurs initially), and halo or penumbra 
with radius rp (outer most cylindrical boundary of 8-rays or secondary electrons emitted 
along the path of swift heavy ion) [4]. Another distance which lies between physical core 
and penumbra is called chemical radius, rch. It defines a range where a chemical reaction 
occurs, rch is thus determined by the diffusion and reaction rates of active chemical 
species such as radicals, cations , anions, electrons and other activated chemical species. 
Shapes and sizes of track entities are first defined and then followed by the formation of 
active chemical species, diffusion and their interaction via chemical and columbic forces. 
Some chemical species may recombine and neutralize in a dense chemical sea while some 
may diffuse out to the halo region and mix up with the species induced by the 5-rays. In 
most of the chemical reactions, cross-linking and scission take place near re where 
concentration of radicals and ion pairs is high due to slow migration of radicals. The 
radius of core and hole depends on energy per nucleon. These may be of the order of 1-10 
nm and 10-lOOOnm respectively [5]. The value of re and rp depends on the energy per 
nucleon of the ion. 8-rays, penumbra rp, physical core and TC are pictorially represented in 
Figure 3.1. 
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Physical core: a range of uncertainty in initial energy deposit 
Penurnbra or halo: a radial range of 6-rays 
5- rays 
Figure 3.1: Pictorial representation of ion track showing physical core r^  halo rp and 
0- Rays. [6]. ^ 
Positron annihilation spectroscopy (PAS) has emerged as a unique and potent 
probe for characterizing the free volume properties of polymers [7]. Unlike other methods 
used to determine free volume in polymers, PAS is capable of determining the local hole 
size and fi-ee volume fi-actions in polymers without interacting significantly with the bulk 
of polymers. PAS has been developed to be a quantitative probe of the free volume. It 
also gives detailed information on the distribution of free volume hole size in the range 
from 1 to 10 A. Positron annihilation lifetime spectroscopy (PALS) is capable of probing 
free volumes directly. The atomic scale free volume holes are detected on the basis that 
the positronium (Ps) atoms are formed and localized in the free volume holes [8]. In PAL 
spectra it is the o-Ps lifetime which is very sensitive to structural changes in the polymer 
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and is directly correlated to the free volume hole size [9]. PALS is a probe that gives 
considerable information about the microstructure of materials. It has recently been used 
on polymers with interesting results [10-12]. In Polymer sample there is substantial pick 
off annihilation with lifetimes of the order of 1000-2000 ps. This is suggested due to large 
voids in the polymer structure. The energy transfer due to ion irradiation tends to radical 
formation, bonds scission and cross-linking, depending essentially on the polymer and 
linear energy transfer (LET). Dominance of cross linking or scission depends on the 
polymer and the energy loss per unit path length or linear energy transfer (LET). In case 
of high LET, spurs overlap, the probability of two radical pairs to be in neighboring 
chains is increased and cross-linking is facilitated. For low LET spurs develop far apart 
and independently, the deposited energy tends to be confined in one chain (not in 
neighboring chain), leading to scission [6]. The scission causes increase in the free 
volume where as the cross-linking reduces the available free volume [13, 14]. The area 
occupied by the tracks (diameter of the order 1-1 Onm) in the sample exposed to low 
fluences (10 -^10*ions/cm )^ is of the order of 10"* cm .^ On irradiation on such fluences, 
average molecular chain length decreases due to scission which eventually results in the 
increase of the free volume. 
At high fluences the area occupied by the tracks becomes comparable to the 
sample area and overlapping of tracks takes place. At these fluences, however scissioned 
segments cross-link randomly, increasing the number of free volume holes and decreasing 
the average free volume. These are schematically shown in Figure 3.2. 
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(a) Pristine 
I 
(hj Low flue nee 
(c) High fluence 
Figure 3.2; Schematic representation of micro structural evolution upon irradiation [15] 
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Lee (1999) has observed that for low LET, spurs (an energy loss event in a track 
involving a small energy deposit) develop far apart and independently, the deposit energy 
leads to be confined in one chain (not in neighboring chain) leading to scission [6]. 
Trautmann (1999) and Fink (1999) have indicated that scission causes an increase in the 
free volume where as the cross-linking reduces the available free volume. At high LET 
spurs overlap, the probability of two radical pairs to be in neighboring chains is increased 
and cross -linking is facilitated [13,14]. In the present work characterization of free 
volume properties of polymers modified by Swift Heavy Ions has been carried out 
through Positron lifetime studies and Doppler broadening studies 
3.2 Polymers used for studies 
3.2.1 Polymers studied through Positron lifetime studies are 
(i) Makrofol-KG Polycarbonate 
(ii) Polyethersulphone (PES) 
(iii) Polystyrene (PS) 
(iv) Polyvinyldifluoride (PVDF) 
(v) Polyamide Nylon-6 
(vi) Polyamide Nylon-6,6 
(vii) Polyethylene Oxide -salt (PEO-salt) 
(viii) Lexan Polycarbontae 
3.2.2 Following polymers have been studied through Doppler Broadening 
Spectroscopy (DBS) also 
(i) Polyethylene Oxide -salt (PEO-salt) 
(ii) Polyamide Nylon-6, 6 
(iii) Lexan Polycarbonates 
(iv) Polystyrene (PS) 
The studies described below modification in free volume properties of various 
polymers induced by swift heavy ion beams have been carried out through Positron 
Annihilation Lifetime Spectroscopy and Doppler Broadening Spectroscopy. 
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3.3 Experimental details 
Makrofol-KG polycarbonate, Polyethersulphone (PES), Polystyrene (PS), 
Polyvinylidene fluoride (PVDF), Polyamide Nylon-6, Polyamide Nylon-6,6 and Lexan 
polycarbonate polymers were procured from Bayer A.G. Germany, Pershore Moulding 
limited, England and Good fellow, Cambridge, England. 
33.1 Irradiation 
Swift heavy ion (SHI) irradiation of the polymeric samples was carried out at 15 
UD Pelletron Accelerator at Inter University Accelerator Centre (lUAC), New Delhi, 
India and Variable Energy Cyclotron Centre (VECC), Kolkata, India. 
In the present study, five ions of different mass and range were used for 
irradiation of various types of polymers. Details of irradiated polymers with heavy ions of 
different energies are presented in Tables-3.3.1 (a) and (b). Details of the Polymers are 
described in chapter II. 
Table-3.1 (a) 
Details of heavy ions and polymers irradiated at 15 UD Pelletron Accelerator at Inter 
University Accelerator Centre, New Delhi, India. 
Name of the ion 
with symbol 
Carbon C^ * 
Silicon Si*"^  
Silicon Si""^  
Silicon Si*^  
Oxygen 0*^ 
Oxygen 0*** 
Lithium Li^ "^  
Lithium Li^ "^  
Energy 
MeV/n 
70MeV 
100 Me V 
100 Me V 
100 MeV 
95MeV 
95 MeV 
50 MeV 
50 MeV 
Name of the 
polymer 
Polyamide Nylon-6 
(PN-6) 
Makrofol-KG 
(Bisphenol-A 
Polycarbonate) 
Polyethersulphone 
(PES) 
Polystyrene (PS) 
Polyethylene oxide 
Salt 17% 
Lexan 
Polycarbonate 
Polyamide Nylon-
6,6 (PN-6,6) 
Polystyrene (PS) 
Name of the 
manufacturer 
Good Fellow. UK 
Farben Fabri-ken 
Bayer A.G., 
Germany 
Good Fellow. UK 
Good Fellow. UK 
BDH England 
Farben Fabri-ken 
Bayer A.G., 
Germany 
Good Fellow. UK 
Good Fellow. UK 
Thickness 
(Approx) 
250 urn 
40 ^ m 
250 ^ m 
1 mm. 
170 Mm 
225 Jim 
250 ^ m 
1 mm. 
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Table-3.1 (b) 
Details of heavy ions and polymers irradiated at Variable Energy Cyclotron Centre 
(VECC), Kolkata, India. 
Name of the ion 
with symiral 
Neon Ne*^  
Neon Ne*^  
Neon Ne^ 
Energy MeV/n 
145 MeV 
145 MeV 
145 MeV 
Name of the polymer 
with chemical 
composition 
Makrofol-KG 
(Bisphenol-A 
Polycarbonate) 
Polyethersulphone 
(PES) 
Polyvinyli dene 
difluoride (PVDF) 
Name of the 
manufacturer 
Farbenfabri-ken 
Bayer A.G., 
Germany 
Good Fellow. 
UK 
Good Fellow. 
UK 
Thicluiess 
(Approx) 
40fun 
250 nm 
SOjun 
At 15 UD Pelletron Accelerator at Inter University Accelerator Centre, New 
Delhi, INDIA [Table- 3,1(a)] polymer samples of size 1.5x1.5 cm^ were mounted on a 
vacuum shielded vertical sliding ladder and were exposed to 70 MeV C^^ 100 MeV Si**, 
95 MeV O^ and 50 MeV Li^ "^  ion beam in the General Purpose Scattering Chamber 
(GPSC) under high vacuum (-4x10"^ Torr) [16]. Various polymer samples were irradiated 
to different fluences. In order to expose the whole target area uniformly, the beam was 
scanned in the X-Y plane. 
Polymers samples [Table-3.1(b)] were irradiated by the 145 MeV Ne** ion beam 
at Variable Energy Cyclotron Centre (VECC), Kolkata. Irradiation was carried out to the 
different fluences. XY scanner was used for uniform irradiation of the film. At VECC ion 
beam was defocused using a magnetic scanning system so that the film may be uniformly 
irradiated. 
3.4. Positron Annihilation Lifetime (PAL) measurements 
3.4.1 Positron Lifetime Measurements 
The details of Positron Annihilation Spectroscopy have been presented in Chapter 
II. In the present study Positron annihilation lifetime measurements were made using fast 
- fast coincidence spectrometer at the UGC-DAE Consortium for Scientific Research, 
Kolkata Centre and Saha Institute of Nuclear Physics, Kolkata. The fast - fast 
coincidence set up is shown in the photograph 3.3 
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r 
/ 
Photograph 3.3: Fast - fast coincidence spectrometer for positron lifetime measurements 
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The positrons for the lifetime measurements were obtained from the radioactive 
decay of ^^ Na isotope which is the most commonly used source of positrons. Na decays 
to the excited state of ^^ Ne by emission of positron and a neutrino. The decay scheme of 
^^ Na is shown in Figure 3.4. 
22-Na 22 •Ne + e'' + Y (3.1) 
"No 
127<J KBV S- r 
1274 KeV 
0 McV 
Figure 3.4: Decay Scheme of ^Na 
The ground state of ^^ Ne is reached after 3.7 ps by the emission of y quantum of 
1.27 MeV. Competitive processes with lower probabilities are electron capture (EC) and 
direct transition to the ground state of Ne [17]. ^Na isotope gives a relatively high 
positron yield of 90% and has several other advantages. The appearance of 1.27 MeV y 
quanta almost simultaneously with the positron emission, the easiness of its handling for 
laboratory work, comparatively large half-life (2.6 years) and low cost make this isotope 
the most useful source material in positron research [18]. The positron annihilation 
lifetime was registered as a time difference between the emissions of the 1.27 MeV y -
quantum generated almost simultaneously with the positron and one of the 0.511 MeV 
annihilation y -quanta. Positron source was prepared by evaporating 5 ^Ci of aqueous 
^^ NaCl salt on a thin (~8fun) rhodium foil. The source foil was thin in order to reduce the 
background of 0.511 MeV annihilation photon. In the present study the samples were in 
the form of films of different thicknesses. Therefore, the source deposited on rhodium foil 
was sandwiched between two identical stacks (Figure. 3.5), of layers of the sample film 
whose total thickness was adequate (~ 400nm) to absorb more than 99%. 
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Source 
^ ; ? ^ 
Figure 3.5: Sandwich configuration 
of positrons emitted. PAL spectra were obtained using conventional fast-fast coincidence 
spectrometer whose block diagram is shown in Figure 3.5. Coincidence spectrometer 
entails monitoring of the signals; 1.28 MeV gamma ray from positron decay of the source 
as start signal and 0.5II MeV gamma ray from the positron annihilation in the material 
sample under study as the stop signal. BaF2 scintillators in truncated conical geometry 
coupled to Philips XP2020 photo multipliers were used for fast timing. The conical 
shapes of the scintillators improve the light collection process [19]. The energy resolution 
is associated mainly with the slow component at 310 imi with decay constant of 620 ns 
and emitting about 80% of the total light. Apart from the advantages of the fast 
component, BaF2 is attractive due to its high atomic number Ba (56) and relative high 
density of 4.88 g/cm' which are favorable properties for high photo peak detection 
efficiency for gamma rays. ORTEC 583 Constant Fraction Differential Discriminators 
(CFDD) were used for selecting energy and providing timing signal, independent of the 
rise time and amplitude of the anode signal from the PM tubes to Time to Amplitude 
Converter (TAC) (ORTEC 567). The windows of the CFDDs in start and stop arms were 
adjusted for 1.27 MeV start and 0.511 MeV stop signals respectively. 
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Comcklencc 
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:^op T A C 
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M C A 
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1.28 M c V y 
Start 
J 
Figure 3.6: The block diagram of the positron lifetime spectrometer 
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Detection of the 1.27 MeV gamma photon provides the start signal for a TAC. 
The stop signal is generated by the detection of one of the 0.511 MeV gamma photons 
obtained from the annihilation of positron. If legitimate gamma-gamma coincidences are 
observed, a pulse whose amplitude is proportional to the time interval between start and 
stop signals is sent from the TAC to a multi-channel analyzer (MCA) where it is stored in 
the appropriate time channel. The uncertainty in the measurement of lifetime was 
estimated by observing the distribution of time interval when ^^ Na source is replaced by 
^Co which emits two y-rays almost simultaneously. The prompt curve is shown in Figure 
3.7. The full width of this prompt distribution at half maximum was -280 
Co prompt (FWHM~280 ps) 
Polycarbonate 
- Gaussian fit 
• • 
400 
Channel no. (58 ps/channei) 
Figure 3.7: Typical lifetime spectra of polycarbonate. The prompt curve represents the 
instrumental resolution. 
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3.5 Data acquisition and Analysis 
The lifetime spectra for the samples were recorded for ~ 100000 total counts and 
under the same experimental conditions. The count rate was ~ 8 S"'. ^Co prompt 
Spectrum at ^^ Na gate was recorded. The full width at half maximum (FWHM) of this 
spectrum was ~ 0.280ns. The stability of the spectrometer was ensured by measuring the 
width of the resolution function (FWHM) at the start and the end of the experiment. The 
lifetime's spectra of well annealed Aluminum and PI (Kapton) which have only one 
lifetime component were recorded in the same experimental settings and with the same 
positron source as a reference spectrum. Good variance and only statistical scatter of the 
bulk lifetime of reference samples indicate the stability of the spectrometer [20]. It can, 
therefore, be assumed that the resolution function and the source components are 
expected to be identical in all spectra. However, the total source contribution may differ 
due to different positron back-scattering coefficients, The lifetime parameters of source 
were estimated by assuming the positron lifetime in well annealed Al and Kapton foil, T = 
0.164 ns and x = 0.385 ns respectively and fixing them during the fitting procedure. The 
lifetime spectra of some studied unirradiated and irradiated Polymer samples. 
Computer code PATFIT [21] was used for spectra analysis. This program allows 
positron spectrums to be analyzed in terms of discrete components, as well as in terms of 
continuous sum of decay curves given with a log normal distribution. The program can 
also carry out a mixed analysis in the sense that some components can be constrained to 
be discrete whilst others may be treated as continuous. In mixed analysis the longest 
component is assumed to be continuous because of the fact that shorter components 
should not give large distributions owing to their origin, while the longest one should 
reflect the whole distribution. PATFIT decomposes a PAL spectrum into 2-5 terms of 
negative exponentials. In polymers three lifetime results give the best x^  (<1.1) and most 
reasonable standard deviations [22]. o-Ps annihilation in the spherical free volume can be 
described by a simple quantum mechanical model of spherical potential well with an 
electron layer of thickness AR. The results of o-Ps lifetime (T3), the longest lifetime due to 
o-Ps pick off annihilation were employed to obtain the mean free volume hole radius by 
the semi-empirical equation [23,24]. 
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1 1 
T3 = = -
A, 2 
1 + — S m 
/ iTtR 
-1 
(3.2) 
where 
T3 is the long lived component (o-Ps lifetime) in ns 
R is the hole radius expressed in A 
Ro equals R+AR where AR is the fitted empirical layer thickness (= 1.66A) 
Average micro- void volume Vf can be computed by 
Vh=|;rf?^ (3.3) 
and the fractional volume fv is given by as 
f,=cij7dl')xl, (3.4) 
where c is a structural constant evaluated from an independent isochronal experiment and 
is determined empirically to be ~ .0018 [25] and I3 is the intensity of the o-Ps component.. 
3.6 Results and Discussion 
3.6.1 Polyamide Nyloii-6 (PN-6) 
Polyamide Nylon-6 samples were irradiated by 70 MeV C^ ion beam from 15 UD 
Pelletron Accelerator to the fluences of 9.3xlO", 3.7xlO'^ 1.8x10*^  and 3.7xl0'^ 
ions/cm .^The lifetime parameters of the un-irradiated and irradiated samples obtained 
from the analysis of PAL specfra are presented in Table-3.2a. Table-3.2b shows the 
resuhs obtained from o-Ps lifetime 13 for the values of the free volume hole radius rn, 
volume of free holes Vh and fractional free volume fy for the pristine samples and 
irradiated with 70 MeV C^ "^  ion beam to different fluences. The variation of Vh and Fv as 
a fiinction of ion fluence are shown in figures 3.6.1(a) and (b). 
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Table-3.2 (a) 
Polyamide Nylon-6 irradiated with 70 MeV C^ * Lifetime and intensities of unirradiated 
and irradiated PN-6 polymer 
Fluence 
(ions/cm )^ 
Unirradiated 
9.3x10" 
3.7x10'^ 
1.8x10'^ 
3.7x10'^ 
xi (ns) 
0.20 
± 
0.01 
0.17 
± 
0.01 
0.17 
± 
0.01 
0.17 
± 
0.01 
0.16 
± 
0.01 
I, (%) 
35.96 
± 
4.24 
31.18 
2.78 
32.75 
± 
1.79 
32.46 
i: 
1.791 
29.28 
± 
2.01 
T2 (ns) 
0.39 
± 
0.01 
0.38 
± 
0.01 
0.37 
± 
0.01 
0.37 
± 
0.01 
0.36 
± 
0.01 
l2(%) 
46.30 
± 
4.24 
51.78 
db 
2.64 
50.23 
± 
1.01 
50.52 
± 
1.01 
50.21 
± 
1.02 
X3 (ns) 
1.71 
± 
0.01 
1.69 
± 
0.01 
1.68 
± 
0.01 
1.67 
± 
0.01 
1.62 
± 
0.01 
l3(%) 
18.56 
± 
0.23 
18.29 
± 
0.19 
17.89 
± 
0.18 
17.65 
± 
0.18 
17.01 
± 
0.18 
Table-3.2(b) 
The lifetime parameters of o-Ps and radius of free volume hole rn (A) and free volume Vh 
(A )^ fractional free volume (fv) in PN-6 polymer 
Fluence 
(ions/cm )^ 
Unirradiated 
9.3x10" 
3.7x10'^ 
1.8x10'^ 
3.7x10'^ 
T3 (ns) 
1.71 
± 
0.01 
1.69 
± 
0.01 
1.68 
± 
0.01 
1.67 
0.01 
1.62 
± 
0.01 
l3(%) 
18.56 
± 
0.23 
18.29 
0.19 
17.89 
± 
0.18 
17.65 
0.18 
17.23 
± 
0.18 
ri.(A) 
2.57 
2.55 
2.54 
2.53 
2.48 
Vh (A )^ 
71.32 
69.91 
69.66 
69.17 
64.40 
Fv 
2.38 
2.30 
2.24 
2.20 
1.99 
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Figure 3.6.1 (a): Variation of average free volume (A )^ with the fluence (ions/cm^) in 
Polyamide Nylon-6, 70 MeV C ions irradiated 
4 6 8 10 
Log fluence (ions/cm') 
12 14 
Figure 3.6.1 (b): Variation of fractional free volume with the fluence (ions/cm^) in 
Polyamide Nylon-6, 70 MeV C^ "^  ions irradiated 
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The short lived component xi, corresponding to p-Ps is found to vary from 0.16 to 
0.20 ns and corresponding intensity shows marginal change with fluences. It is observed 
that the lowest lifetime TI, attributed to p-Ps annihilation is found to be slightly larger than 
the expected value of TI= 0.125 ns and lies between (TI =0.20 - 0.16 ns and Ii=35.96 -
29.28 %). The intermediate component t2, attributed to direct annihilation of positrons 
changes as (T2=0.36 - 0.39 ns and I2 = 46.30-50.21). The intensity of this component is 
around 50% and shows the marginal variation with increasing fluences. A detailed 
analysis is difficult because of the possible formation of positron and positronium 
compounds that may overlap both components. The long lived component (13 = 1.71 -
1.62 ns and I3 = 18.56 - 17.01 %) is attributed to the o-Ps atoms in free volumes of 
amorphous regions of polymer via the pick-off annihilation. In PALS, it is the o-Ps 
lifetime which is directly correlated to the free volume. The intensity of this component 
contains information about free volume concentration [9]. 
o-Ps lifetime and, therefore, the average free volume and fractional free volume 
are found to be decreased due to irradiation at the fluences used in the present experiment. 
The results of 
Lee et al for PMMA on irradiation indicate that high LET produces a high 
concentration of free radicals over many neighboring molecules, facilitating track overlap 
and enhancing cross-linking over scission while low LET affects only a simple molecular 
chain, leading to chain scission. In our earlier PAL measurements [26-31] on polymers (i) 
irradiated with different swift heavy ions to low fluences (10 -^10^ ions/cm^), average free 
volume has been found to increase with fluence and has been attributed to the chain 
scission along the tracks and (ii) irradiation to high fluences leads to the decrease in free 
volume, indicating cross linking of scissioned segments. The scission causes increase in 
the free volume whereas the cross-linking causes decreases in the free volume [14]. At 
high fluences the track area where cross-linking is predominant becomes comparable to 
the sample area. This explains the observed decrease in the o-Ps lifetime. 
) 
11 
3.6.2 iVfakrofol-KG (Poly Carbonate) 
Makrofol-KG polycarbonate, samples were irradiated with 100 MeV Si ion 
beam to the fluences of 10'° 3xlO'° IxlO", 3xl0", 6xI0" and lO'^ ions/cm^ at 15 UD 
Pelletron Accelerator at Inter University Accelerator Centre, New Delhi, INDIA and with 
with 145 MeV Ne*^ to the fluences of 10'°, lO", lO'^  and lO'^  ions/cm^ at Variable 
Energy Cyclotron Centre (VECC), Kolkata, INDIA. A typical PAL spectral for virgin 
and irradiated samples is shown in Figure 3.6.2 (a). PAL spectra for virgin and irradiated 
samples were analyzed in terms of three lifetime components, each lifetime 
corresponding to the average annihilation rate of a positron in a different state. 
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Figure 3.6.2(a): Positron lifetime spectra of pristine and irradiated with 100 MeV Si 
ions Makrofol-KG. 
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Values of o-Ps lifetime, intensity are presented in Table 3.3-(a). Table-3.3(b) 
shows the results obtained from o-Ps lifetime T3 for the values of the free volume hole 
radius rn and volume of free holes Vh and fractional free volume Fv for the pristine 
samples and irradiated with 100 MeV Si^ "^  ion beam to different fluences. The variation of 
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3. 6. 2 Makrofol-KG (Poly Carbonate) 
Makrofol-KG polycarbonate, samples were irradiated with 100 MeV Si'^ ion 
beam to the fluences of 10'°, 3xI0'^ IxlO", 3xI0", 6xl0" and lO'^  ions/cm^ at 15 UD 
Pelletron Accelerator at Inter University Accelerator Centre, New Delhi, INDIA and with 
with 145 MeV Ne^ ^ to the fluences of 10'°, lO", lO'^  and lO'^  ions/cm^ at Variable 
Energy Cyclotron Centre (VECC), Kolkata, INDIA. A typical PAL spectral for virgin 
and irradiated samples is shown in Figure 3.6.2 (a). PAL spectra for virgin and irradiated 
samples were analyzed in terms of three lifetime components, each lifetime 
corresponding to the average annihilation rate of a positron in a different state. 
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Figure 3.6.2(a): Positron lifetime spectra of pristine and irradiated with 100 MeV Si** 
ions Makrofol-KG. 
Values of o-Ps lifetime, intensity are presented in Table 3.3-(a). Table-3.3(b) 
shows the results obtained from o-Ps lifetime T3 for the values of the free volume hole 
radius rt, and volume of free holes Vh and fractional free volume Fv for the pristine 
samples and irradiated with 100 MeV Si^ "^  ion beam to different fluences. The variation of 
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Vh and Fv as a function of ion fluence are shown in Figures 3.6.2 (b) and (c). In PALS, it 
is the o-Ps lifetime, which is directly correlated to the free volume. The intensity of this 
component contains information about free volume concentration [9]. 
The shortest lifetime component TI varies from 0.177 to 0.189 ns and Ii from 
47.85 to 56.93 % and belongs to the annihilation of p-Ps atoms, while the intermediate 
one (T2 = 0.397 - 0.446 ns and h = 26.21 - 3164%) arises from the free annihilation of 
positrons in the polymer matrix. The long lived component (T3 = 2.1348 - 2.2368 ns and 
I3 = 13.053 - 21.498 %) is attributed to the o-Ps atoms in free volumes of amorphous 
regions of polymer via the pick-off annihilation, which is very sensitive to the structural 
changes in the polymer. 
Table-3.3 (a) 
Makrofol-KG Polycarbonate (PC) irradiated with 100 MeV Si** Lifetime and intensities 
of unirradiated and irradiated 
Fluence 
(ions/cm )^ 
Pristine 
1x10'" 
3xlO'» 
1x10" 
3x10" 
6x10" 
10'^  
Xi (ns) 
0.177 
± 
0.005 
0.179 
± 
0.005 
0.178 
± 
0.005 
0.189 
± 
0.005 
0.177 
± 
0.005 
0.176 
± 
0.005 
0.178 
± 
0.005 
Ii (%) 
47.85 
± 
2.03 
47.90 
± 
2.00 
45.62 
± 
2.21 
53.78 
± 
2.06 
52.27 
± 
2.23 
51.26 
± 
2.15 
56.93 
± 
2.56 
X2 (ns) 
0.426 
± 
0.013 
0.424 
± 
0.013 
0.413 
± 
0.013 
0.446 
± 
0.016 
0.413 
± 
0.013 
0.415 
± 
0.013 
0.397 
± 
0.013 1 
l2(%) 
30.65 
± 
1.91 
30.67 
± 
1.89 
31.64 
± 
2.10 
26.21 
± 
1.93 
30.19 
± 
2.12 
31.57 
± 
2.04 
30.02 
± 
2.47 
t3 (ns) 
2.2368 
± 
0.01 
2.2244 
± 
0.01 
2.2098 
± 
0.010 
2.2083 
± 
0.01 
2.1755 
± 
0.01 
2.1431 
± 
0.01 
2.1348 
± 
0.01 
hi'/o) 
21.498 
± 
0.17 
21.427 
± 
0.16 
22.546 
± 
0.17 
20.009 
± 
0.18 
17.540 
± 
0.16 
17.169 
± 
0.16 
13.054 
± 
0.15 
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Table-3.3(b) 
The lifetime parameters of o-Ps and radius of free volume hole rn (A), free volume Vf 
(A )^ and fractional free volume (fy) 
Fluence 
(ions/cm^) 
Pristine 
IxlO" 
SxlO'" 
1x10" 
3x10" 
6x10" 
10'^ 
t3 (ns) 
2.2368 
± 
0.01 
2.2244 
• ± 
0.01 
22098 
± 
0.010 
2.2083 
± 
0.01 
2.1755 
± 
0.01 
2.1431 
± 
0.01 
2.1348 
± 
0.01 
l3(%) 
21.498 
± 
0.17 
21.427 
± 
0.16 
22.546 
± 
0.17 
20.009 
± 
0.18 
17.540 
± 
0.16 
17.169 
± 
0.16 
13.054 
± 
0.15 
rb(A) 
3.063 
3.053 
3.041 
3.039 
3.011 
2.983 
2.976 
Vh(A') 
120.370 
119.194 
117.795 
117.562 
114.343 
111.182 
110.401 
Fv 
4.658 
4.598 
4.781 
4.234 
3.610 
3.445 
2.603 
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Figure 3.6.2 (b): Variation of average free volume (A )^ witli tiie fluence (ions/cm^) in 
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Figure3.6.2 (c): Variation of fractional free volume with the fluence (ions/cm in 
8+ Makrofol-KG, 100 MeV Si ions irradiated 
Values of lifetime and intensity obtained from the analyses of PAL spectra of 
Makrofol-KG samples for pristine and irradiated with 145 Ne^ "^  ion beam are presented in 
Table3.4 (a). Table-3.4 (b) shows the results obtained from o-Ps lifetime T3 for the values 
of the free volume hole radius rn and volume of free holes Vh. Figures 3.6.2 (d) and (e) 
shows the variation of fee volume Vfand fractional free volume Fy with the ion fluence. 
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Table-3.4 (a) 
Makrofol-KG Polycarbonate 
of unirradiated and irradiated 
. 6 + 1 (PC) irradiated with 145 MeV Ne Lifetime and intensities 
samples 
Fluence 
(ions/cm )^ 
Un-irradiated 
lO'" 
10'^  
10'2 
10'^  
Xi (ns) 
0.176 
± 
0.010 
0.174 
± 
0.010 
0.178 
± 
0.010 
0.165 
± 
0.010 
0.166 
± 
0.010 
I, (%) 
46.613 
± 
2.22 
45.124 
± 
2.18 
45.817 
± 
2.21 
40.922 
± 
2.27 
42.702 
± 
2.35 
X2 (ns) 
0.409 
± 
0.010 
0.405 
± 
0.010 
0.414 
± 
0.010 
0.388 
± 
0.010 
0.384 
± 
0.010 
I:(%) 
34.469 
± 
2.11 
34.045 
db 
2.01 
31.637 
± 
2.11 
36.207 
± 
2.16 
38.380 
± 
2.25 
Tj (ns) 
2.218 
± 
0.010 
2.214 
± 
0.010 
2.210 
± 
0.010 
2.196 
± 
0.010 
2.090 
± 
0.010 
l3(%) 
18.418 
± 
0.17 
20.831 
± 
0.16 
22.546 
± 
0.17 
21.872 
± 
0.16 
16.118 
± 
0.16 
Table- 3.4 (b) 
The lifetime parameters of o-Ps and radius of free volume hole rn (A) and free volume Vf 
(A )^ fractional free volume (fv) 
Fluence 
(ions/cm^) 
Unirradiated 
10'° 
10" 
10'^  
10'' 
X3 (ns) 
2.218 
± 
0.010 
2.214 
± 
0.010 
2.210 
± 
0.010 
2.196 
± 
0.010 
2.090 
± 
0.010 
l3(%) 
18.418 
± 
0.17 
20.831 
± 
0.16 
22.546 
0.17 
21.872 
± 
0.16 
16.118 
± 
0.16 
rh(A) 
3.048 
3.044 
3.041 
3.029 
2.937 
V F ( A ^ 
118.590 
118.143 
117.795 
116.410 
106.118 
Fv 
4.038 
4.429 
4.780 
4.583 
3.613 
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Figure3.6.2 (d): Variation of average free volume (A )^ with the fluence (ions/cm^) in 
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Figure 3.6.2 (e): Variation of fractional free volume with the fluence (ions/cm in 
Makrofol-KG, 145 MeV Ne^* ions irradiated 
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The analyses gives (TI = 0.165 - 0.178 ns and Ii = 40.92 - 46.61 %) belonging to 
the annihilation of p-Ps atoms and intermediate one (T2 = 0.384 - 0.414 ns and I2 = 31.63 
- 38.38 %) arising from the free annihilation of positrons in the polymer matrix. The 
longest lived component attributed to the o-Ps atoms in free volumes of polymer via e 
pick-oflFannihilation gives (T3 = 2.090 - 2.218 ns and I3 = 16.11 - 22.54 %) . o-Ps lifetime 
is directly correlated to the free volume whereas the intensity of this component contains 
information about free volume hole concentration. o-Ps lifetime and, therefore, the 
average free volume and fractional free volume are found to be decreased due to 
irradiation at the fluences used in the present experiment. The decrease in T3 is related to 
the change in the free volume as a result of the formation of new bonds or cross-linking. 
This decrease in T3 implies some shrinking of inner and inner-chain of free volume holes 
(i.e. impact structure was attained). Vh is found to decrease from 118.59 to 106.1 lA^ with 
a decrease Of 10.52% at lO'^  ions/ cml Kobayashi et al., 1994 have attributed the small 
decrease in free volume in PEEK due to electron irradiation, to intermolecular cross-
linking. The dominance of scission or cross-linking due to ion irradiation depends 
essentially on the polymer and energy loss per unit path length or linear energy transfer 
(LET). For low LET, spurs develop for apart and independently; the deposited energy 
tends to be confined in one chain (not in neighboring chain) leading scission [27, 28, and 
31]. In case of high electronic LET, spurs overlap, the probability of two radical pairs to 
be in neighboring chains is increased and cross-linking is facilitated. The scission causes 
increase in the free volume whereas the cross-linking causes decreases in the free volume 
[14]. At high fluences the track area where cross-linking is predominant becomes 
comparable to the sample area. This explains the observed decrease in the o-Ps lifetime. 
The results of Lee et al., 1999 for PMMA on ion irradiation indicate that high 
LET produce a high concentration of free radicals over many neighboring molecular 
chains, facilitating track overlap and enhancing cross-linking over scission while low 
LET affects only a simple molecular chain, leading to chain scission. 
In our earlier PAL measurements [27-32] on polymers (i) irradiated with different 
swift heavy ions to low fluences (10^-10*' ions/cm^), average free volume has been found 
to increase with fluence and has been attributed to the chain scission along the tracks and 
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(ii) irradiation to high fluences leads to the decrease in free volume, indicating cross 
linking of scissioned segments. 
In the present case I3 is found to decrease with ion fluence and more generally 
speaking, cross-linking resulting in a loss in the number of those free spaces where Ps 
formed in either the crystalline or amorphous phases can be responsible for this. It is to be 
noted that, on the basis of the spur model, one may further hypothesize that cross-linking 
would result in decrease in the diffusive properties of either e^  or e', resulting in a lesser 
probability for Ps formation. 
The cross-linking as an essential phenomenon is known to be the most effective 
process in polystyrene, PN-6 and CR-39 polymers as bombarded with high energy 
particles [27,31 and 33] due to the free radical recombination and various degradations, 
possibly resulting in the changes in amorphousity. For low LET, spurs develop far apart 
and Independently; the deposited energy tends to be confined in one chain (not in 
neighboring chain) leading to scission [6, 14]. In case of high electronic LET, spurs 
overlap, the probability of two radical pairs to be in neighboring chains is increased and 
cross-linking is facilitated. The scission causes increase in the free volume whereas the 
cross-linking causes decrease in the free volume [26-31,6]. At high fluences the track area 
where cross-linking is predominant becomes comparable to the sample area. This may 
explain the observed decrease in the o-Ps lifetime as observed in the present case. 
3.6J Polyethersulphone (PES) 
• 8+ Polyethersulphone (PES), samples were irradiated with 100 MeV Si ion beam 
to the fluences of Ixl0'°,lxl0",10'^ and 5xl0'^ ions/cm^ at 15 UD Pelletron Accelerator 
at Inter University Accelerator Centre, New Delhi, India and with 145 MeV Ne** ion 
beam to the fluences of lO'^  and lO'^  ions/cm^ at Variable Energy Cyclotron Centre 
(VECC), Kolkata, India. 
The lifetime spectra of pristine and 100 MeV Si*"^  ions irradiated 
Polyethersulphone (PES) is shown in fig 3.6.3 (a). 
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Figure 3.6.3(a): Positron lifetime spectra of Pristine and irradiated with 100 MeV Si 
ions Polyethersulphone (PES) 
8+ 
The positron lifetimes and intensities are presented in Table-3.5 (a) obtained from 
PATFIT. Table-3.5 (b) presents the values of the free volume hole radius rh and volume 
of free holes Vh for the pristine samples and irradiated with 100 MeV Si*"^  ion beam to 
different fluences. Figures 3.6.3 (b) and (c) shows the variation of free volume Vh and 
fractional free volume Fy with the ion fluence. 
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Table-3.5 (a) 
Polyethersulphone (PES) irradiated witli 100 MeV Si* .^ Lifetime and intensities of 
unirradiated and irradiated Polyethersulphone (PES) 
Fluence 
(ions/cm^) 
Pristine 
1x10'° 
1x10" 
10'^  
5x1x10'^ 
T, (ns) 
0.161 
± 
0.006 
0.165 
± 
0.005 
0.183 
± 
0.005 
0.193 
± 
0.004 
0.202 
± 
0.004 
I, (%) 
44.427 
± 
2.55 
48.028 
± 
2.46 
53.671 
± 
2.39 
60.023 
± 
2.19 
62.22 
± 
1.91 
T2 (ns) 
0.370 
± 
0.010 
0.377 
± 
0.011 
0.416 
± 
0.015 
0.444 
± 
0.017 
0.479 
± 
0.018 
l2(%) 
39.527 
± 
2.44 
36.918 
± 
2.36 
30.586 
± 
2.27 
26.863 
± 
2.06 
24.279 
± 
1.77 
T3 (ns) 
1.906 
± 
0.011 
1.899 
± 
0.012 
1.951 
± 
0.013 
1.992 
± 
0.015 
1.998 
± 
0.016 
I,(%) 
16.047 
± 
0.17 
15.054 
± 
0.16 
15.743 
± 
0.19 
13.115 
± 
0.15 
13.503 
± 
0.21 
Table-3.5(b) 
The lifetime parameters of o-Ps and radius of free volume hole (R), free volume and 
fractional free volume (fy) in Polyethersulphone (PES). 
Fluence 
(ions/cm^) 
Pristine 
1x10'" 
1x10" 
10'^  
5x10'^  
T3 (ns) 
1.906 
± 
0.011 
1.899 
± 
0.012 
1.951 
± 
0.013 
1.992 
± 
0.015 
1.998 
± 
0.016 
l3(%) 
16.047 
± 
0.17 
15.054 
± 
0.16 
15.743 
± 
0.19 
13.115 
± 
0.15 
13.503 
± 
0.21 
R(A) 
2.768 
2.762 
2.810 
2.848 
2.854 
Vf(A') 
88.833 
88.257 
92.938 
96.760 
97.373 
Fv 
2.565 
2.392 
2.633 
2.308 
2.366 
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Figure 3.6.3 (c): Variation of fractional free volume with the log fluence (ions/cm ) in 
Polyethersulphone (PES) 100 MeV Si*"" ions irradiated 
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From the analyses of the spectra we obtain (TI = 0.161 - 0.193 ns and Ii = 44.427 
- 60.023 % ) , (T2 = 0.370 - 0.444 ns and I2 = 39.527 - 26.863 %) and (13 = 1.906 - 1.992 
nsandl3= 16.047-13.115%). 
The positron lifetimes and intensities for Polyethersulphone are presented in 
Table-3.6(a). Table-3.6(b) shows the results obtained from o-Ps lifetime 13 for the values 
of the free volume hole radius rn and volume of free holes Vh for the pristine samples and 
irradiated with 145 MeV Ne** ion beam to the fluences of lO'^  and lO'^  ions/cm .^ Figures 
3.6.3(d) and 3.6.3(e) shows the variation of fee volume Vh and fractional free volume Fy 
with the ion fluence. 
Table 3.6 (a) 
Polyethersulphone (PES) irradiated with 145 MeV Ne** Lifetime and intensities of 
un-irradiated and irradiated. 
Fluence 
(ions/cm^) 
Unirradiated 
10'^ 
10" 
Ti (ns) 
0.187 
± 
0.005 
0.175 
± 
0.006 
0.161 
± 
0.006 
I, (%) 
55.17 
± 
2.66 
50.32 
± 
2.80 
44.43 
± 
2.55 
Xi (ns) 
0.412 
± 
0.015 
0.382 
± 
0.002 
0.370 
± 
0.010 
l2(%) 
31.31 
± 
2.54 
41.09 
± 
2.70 
39.53 
± 
2.44 
Tj (ns) 
1.96 
± 
0.01 
1.95 
± 
0.01 
1.91 
± 
0.01 
l3(%) 
13.52 
± 
0.18 
8.58 
± 
0.14 
16.05 
± 
0.17 
Table 3.6 (b) 
The lifetime parameters of o-Ps and radius of free volume hole r^ (A) and free volume Vf 
(A )^ fractional free volume (fy) 
Fluence 
(ions/cm^) 
Unirradiated 
10'^ 
10" 
t3 (ns) 
1.96 
1.95 
1.91 
l3(%) 
13.523 
8.588 
16.046 
rh(A) 
2.8180 
2.8090 
2.7710 
Vf (A^) 
93.72 
92.82 
89.11 
(Fv) 
2.2812 
1.4349 
2.5736 
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Figure3.6.3 (e): Variation of fractional free volume with the fluence (ions/cm^) 
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PAL spectra of pristine and irradiated with 145 MeV Ne^* ion beam, analyzed in 
terms of three lifetime components provides the shortest lifetime component (TI = 0.161 -
0.187 ns and Ii = 44.43 - 55.17 %) belonging to the annihilation of p-Ps atoms, while the 
intermediate one (T2 = 0.370 - 0.412 ns and I2 = 39.53 - 31.31 %) arises from the free 
annihilation of positrons in the polymer mafrix. The long-lived component (13= 1.91 -
1.96 ns and I3 = 16.05 - 13.52 %). 
The energy transfer by the ion irradiation leads to radical formation, bond scission 
and cross-linking of polymer chains. The dominance of scission or cross-linking depends 
essentially on the polymer and energy loss per unit path length or linear energy transfer 
(LET). The decrease in T3 is related to the change in the free volume as a result of the 
formation of new bonds or cross-linking. The average free volume of PES has been found 
to increase with the ion fluence and has been atfributed to chain scission along the track in 
case of si^ * ion beam irradiation. The decrease in T3 is related to the change in the free 
voliune as a result of the formation of new bonds or cross-linking. Ne** ion beam 
irradiation of PES films is found to decrease the free volume from 93.72 A^  to 89.1 lA^. 
3.6.4 Polystyrene (PS) 
The positron lifetime spectra of conducting Polystyrene pristine and irradiated 
with 100 MeV Si*"" ion beam from 15 UD Pelletron Accelerator at lUAC, New Delhi to 
the fluences of lO", lO'^  and lO'^  ions/cm^ and 5xl0'°, and the fluences 10",5xl0", 
10'^ 5xl0" and 3.5xl0'^ ions/cm^ for irradiated with 50MeVLi^ "' ion beam were 
analyzed in terms of three lifetime components. Values of the positron lifetimes and 
intensities for Polystyrene are presented in Table-3.7(a). Table-3.7(b) shows the results 
obtained from o-Ps lifetime xj for the values of the free volume hole radius rh and volume 
of free holes Vh and fractional free volume Fv The variation of Vh and Fy as a function of 
ion fluence are shown in Figures 3.6.4 (a) and (b). 
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Table-3.7 (a) 
Polystyrene (PS) irradiated with 100 MeV Si*"^  Lifetime and intensities of unirradiated 
and irradiated 
Fluence 
(ions/cm )^ 
Pristine 
1x10" 
IxlO'^ 
1x10'' 
ti (ns) 
0.170 
± 
0.006 
0.169 
± 
0.007 
0.175 
± 
0.007 
0.149 
± 
0.007 
Ii (%) 
43.019 
± 
2.16 
40.520 
± 
2.62 
42.099 
± 
2.56 
35.330 
± 
2.17 
Tj (ns) 
0.4056 
± 
0.012 
0.3809 
± 
0.011 
0.3957 
± 
0.013 
0.3635 
± 
0.010 
Ij(%) 
32.568 
± 
2.05 
37.921 
± 
2.53 
33.887 
± 
2.45 
39.076 
± 
2.07 
Xj (ns) 
1.906 
± 
0.011 
1.899 
± 
0.012 
1.951 
± 
0.013 
1.998 
± 
0.016 
l3(%) 
16.047 
± 
0.17 
15.054 
± 
0.16 
15.743 
± 
0.19 
13.503 
± 
0.21 
Table-3.7(b) 
The lifetime parameters of o-Ps and radius of free volume hole rh (A) and 
free volume Vh (A )^ fractional free volume (fy). 
Fluence 
(ions/cm^) 
Pristine 
10" 
10'^  
10" 
t3 (ns) 
2.26 
± 
0.008 
2.25 
± 
0.009 
2.23 
±0.010 
2.22 
± 
0.009 
1 l3(%) 
25.59 
± 
0.150 
24.41 
± 
0.166 
21.56 
± 
0.152 
24.01 
± 
0.165 
rh(A) 
3.083 
3.075 
3.058 
3.049 
|V,(A') 
122.72 
121.77 
119.76 
118.70 
Fv 
5.65 
5.35 
4.65 
5.12 
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Figure 3.6.4 (a): Variation of average free volume (A )^ with the fluence (ions/cm )^ in 
Polystyrene (PS) 100 MeV Si*"" ions irradiated 
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Figure 3.6.4 (b): Variation of fractional free volume with the fluence (ions/cm^) in 
Polystyrene (PS) 100 MeV Si*"" ions irradiated 
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The shortest lifetime component (TI= 170-.149 ns and Ii= 43.019 - 35.330%), the 
intermediate one (T2 = 0.4056 - 0.3635 ns and I2 = 32.568 - 39.076 %) and the longest-
lived component (T3 = 1.906 - 1.998 ns and I3 = 16.047 - 13.503 %) were obtained from 
PATFIT analyses. o-Ps lifetime and, therefore, the average free volume and fractional 
free volume are found to be decreased due to irradiation at the fluences used in the 
present experiment. At these high fluences the track area where cross-linking is 
predominant becomes comparable to the sample area. This explains the observed decrease 
in the o-Ps lifetime. 
The results for 50 MeV Li^ * ion beam irradiated Polystyrene lifetime spectra are 
presented in Table-3.8(a). The lifetime component obtained from the analyses are: the 
shortest: (TI= 0.132-0.136 ns and Ii= 25.9 - 27.80%), the intermediate one (12 = 0.331 -
0.353 ns and I2 = 45.5 - 47.8 %) and the longest-lived component (13 = 2.099 - 2.056 ns 
and I3 = 28.2 - 24.9%). Table-3.8(b) presents the data obtained from o-Ps lifetime T3 for 
the values of the free volume hole radius rn, volume of free holes Vh i^ id Fv along with the 
S-parameter obtained from Doppler Broadening Specfra (DBS) for the pristine and 
irradiated samples. The variation of Vh and Fy as a function of ion fluence is shown in 
Figures 3.6.4 (c), (d) and (e). 
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Table-3.8 (a) 
Polystyrene (PS) irradiated with 50 MeV Li^ ^ Lifetime and intensities of unirradiated and 
irradiated Polystyrene. 
Fluence 
(ions/cm^) 
Pristine 
5x10'" 
1x10" 
5x10" 
1x10'^  
5x10'^  
1x10" 
3.5x10" 
Xi (ns) 
.132 
± 
.004 
.120 
± 
.004 
.126 
± 
.004 
.126 
± 
.004 
.136 
± 
.004 
.128 
± 
.004 
.125 
± 
.004 
.136 
± 
.004 
I, (%) 
25.9 
± 
1.1 
24.2 
1.1 
25.7 
± 
1.1 
25.3 
± 
1.1 
27.6 
± 
1.1 
25.7 
± 
1.1 
26.4 
± 
1.1 
27.8 
± 
1.1 
T2 (ns) 
.331 
± 
.004 
.325 
± 
.004 
335 
± 
.004 
.331 
± 
.004 
.344 
± 
.004 
.338 
± 
.004 
.343 
± 
.004 
.353 
± 
.004 
l2(%) 
45.5 
± 
1.0 
46.8 
± 
1.0 
45.7 
± 
1.0 
45.9 
± 
1.0 
44.2 
± 
1.0 
46.0 
± 
1.0 
47.8 
± 
1.0 
47.8 
1.0 
Tj (ns) 
2.099 
± 
0.02 
2.098 
± 
0.02 
2.110 
± 
0.02 
2.096 
± 
0.02 
2.113 
± 
0.02 
2.109 
± 
0.02 
2.108 
± 
0.02 
2.056 
± 
0.02 
l3(%) 
28.2 
± 
0.2 
28.6 
± 
0.2 
28.2 
± 
0.2 
28.4 
0.2 
27.7 
± 
0.2 
27.4 
± 
0.2 
25.4 
± 
0.2 
24.9 
± 
0.2 
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Table-3.8(b) 
The lifetime parameters of o-Ps and radius of free volume hole (R). free volume, 
fractional free volume (fy) and S-parameter in Polystyrene (PS). 
Fluence 
(ions/cm^) 
Pristine 
5x10'° 
IxlO" 
5x10" 
IxlO'^ 
5x10'^ 
IxlO'^ 
3.5x10'^ 
-hins) 
2.099 
± 
0.01 
2.098 
0.01 
2.110 
± 
0.01 
2.096 
± 
0.01 
2.113 
± 
0.01 
2.109 
0.01 
2.108 
± 
0.01 
2.056 
± 
0.01 
I,(%) 
28.2 
± 
0.3 
28.6 
± 
0.3 
28.2 
± 
0.3 
28.4 
± 
0.3 
27.7 
± 
0.3 
27.4 
0.3 
25.4 
± 
0.3 
24.9 
± 
0.26 
rh(A) 
2.945 
2.943 
2.956 
2.942 
2.957 
2.953 
2.952 
2.906 
V,(A^ 
106.970 
106.752 
107.795 
106.644 
108.283 
107.844 
107.735 
102.776 
Fv 
5.43 
5.45 
5.47 
5.45 
5.34 
5.32 
4.93 
4.44 
S-
Parameter 
0.4585 
0.4565 
0.4549 
0.4593 
0.4594 
0.4597 
0.4600 
0.4581 
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Figure 3.6.4 (c): Variation of average free volume (A )^ with the fluence (ions/cm )^ in 
Polystyrene (PS), 50 MeV Li^ ^ ions irradiated 
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Figure 3.6.4 (d): Variation of fractional free volume with the fluence log (ions/cm^) 
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Free volume values change slowly with ion fluence with a decrease at the highest 
fluence of 3.5xl0'^ ions/cm .^ The decrease in T3 implies some shrinking of inner and 
inter-chains of free volume holes (i.e. the impact structure was attained). The free 
volumes are found to decrease from 107 to 103 A .^ o-Ps intensity I3 remains constant up 
to 5x10" ions/cm^ and then decreases regularly. This decrease in I3 that reflects a 
decrease in the number of free volume holes may be interpreted on the process of cross-
linking. The cross-linking, as an essential phenomenon, is known to be most effective 
process in polystyrene as bombarded with high energy particles [32] due to free radical 
recombination and various degradation possibly resulting in change in amorphousity 
towards crystallinity. An increase in crystallinity for the polystyrene composite is 
effectively observed in the irradiation process where the decrease in I3 with dose is thus 
ascribed to this effect [33], The values of S-parameter as given in Table 3.4 (b) shows a 
minor decrease with increasing fluence. Figure 3.6.4 (e) shows the variation of S-
parameter with the fluence. 
0.460-
0.454 
Log fluence (ions/cm) 
Figure 3.6.4 (e): Variation of S-parameter with the log fluence (ions/cm ) 
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3.6.5 Polyethylene-Oxide Salt 17% (PEO-Salt 17%) 
Solution-cast films of PEO(BDH, England) and of complexes with NH4CIO4 
(Fluka AG, 99.5% purity) were prepared in salt concentration of 17% and 19%. Pure PEO 
is non conducting while its complex PEO(i.x) (NH4C104)x with weight fraction x =17%, 
19% is an ion conducting polymer. 
The three lifetime components decomposed from the positron lifetime spectra 
arises from the annihilation of para positronium (p-Ps), free positron annihilation and 
ortho positronium pick off process (o-Ps)[34, 10]. The intensity of o-Ps (I3) is 
proportional to the probability of positronium (Ps) formation. In the past it has been 
related to the concentration of free volume holes in the polymers [35]. However, it was 
found that I3 is also affected by a number of other non structural variables [28, 36-42]. 
The positrons lifetimes and intensities for PEO complex are presented in Table-
3.9(a). Table-3.9(b) shows the results for the values of the free volume hole radius rn, 
volume of free holes Vh and fractional free volume Fy for the samples irradiated with 95 
MeV O^ ion beam to different fluences The variation of Vh, Fy and S-parameter as a 
function of ion fluence are shown in Figures 3.6.5(a),(b) and (c). 
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Table 3.9 (a) 
Polyethylene Oxide irradiated with 95 MeV O** Lifetime and Intensities of unirradiated 
and irradiated 
Fluence 
(ions/cm )^ 
Unirradiated 
10'° 
10" 
10'^  
10'^  
Ti (ns) 
0.147 
± 
0.003 
0.145 
± 
0,003 
0.147 
± 
0.004 
0.145 
± 
0.003 
0.141 
± 
0.003 
Ii(%) 
39.50 
± 
1.2 
39.3 
± 
1.2 
38.4 
± 
1.4 
37.2 
± 
1.2 
36.3 
± 
1.2 
T2 (ns) 
0.392 
± 
0.006 
0.391 
± 
0.006 
0.382 
± 
0.007 
0.371 
± 
0.005 
0.369 
± 
0.005 
l2(%) 
45.3 
± 
1.1 
45.7 
± 
l.l 
45.9 
± 
1.3 
48.8 
± 
1.1 
48.6 
± 
1.1 
T3 (ns) 
1.702 
± 
0.012 
1.685 
± 
0.012 
1.623 
± 
0.012 
1.820 
± 
0.011 
1.876 
± 
0.011 
h(%) 
15.2 
± 
0.19 
15.0 
± 
0.19 
15.6 
± 
0.21 
14.0 
± 
0.13 
15.0 
± 
0.14 
Table 3.9 (b) 
The lifetime parameters of o-Ps and radius of free volume hole rn (A), free volume hloe 
Vh(A )^ fractional free volume (Fy) and S-parameter 
Fluence 
(ions/cm )^ 
Unirradiated 
10'° 
10" 
10'^  
10'^  
t3 (ns) 
1.702 
± 
0.012 
1.685 
± 
0.012 
1.623 
± 
0.012 
1.820 
0.011 
1.876 
± 
0.011 
l3(%) 
15.2 
± 
0.19 
15.0 
± 
0.19 
15.6 
0.21 
14.0 
0.13 
15.0 
± 
0.14 
rh(A) 
2.565 
2.544 
2.481 
2.684 
2.739 
Vh(A') 
70.677 
68.955 
63.955 
80.975 
86.055 
Fv 
1.933 
1.861 
1.795 
2.040 
2.323 
S 
Parameter 
0.4059 
± 
.0010 
0.4035 
± 
.0010 
0.4040 
± 
.0010 
0.4026 
± 
.0010 
0.4018 
± 
.0010 
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Figure 3.6.5 (a): Variation of average free volume (A )^ with the fluence (ions/cm^). 
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Figure 3.6.5 (b): Variation of fractional free volume with the fluence (ions/cm^). 
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Figure 3.6.5 (c): Variation of S-parameter with the log fluence (ions/cm ) 
From the above Tables, it can be observed that the o-Ps lifetime T3 decreases for 
the fluences 10'° and lO" ions/cm^ and then increases for lO'^  and lO'^  ions/cml This is 
contrary to our earlier measurements [28,30] on CR-39 polycarbonate irradiated with Ar 
and "^Au ions to low fluences of 10^  ions/cm^ and Makrofol-N polycarbonate irradiated 
with C ions to 10* ions/cm^ where free volume was found to increase with fluences and 
has been attributed to chain scission along the track. The results on CR-39 polycarbonate, 
polystyrene and polyamide nylon-6 [28, 32] irradiated with C ions to the higher fluences 
indicated the facilitation of cross-linking [29]. The modification (scission or cross-
linking) due to ion irradiation depends essentially on the polymer and energy loss per unit 
length or linear energy transfer (LET). The intensity of the o-Ps lifetime component I3 
shows almost no change up to lO'^  ions/cm^ and then a slight decrease at 10 ions/cm . 
Values of S parameter are given in Table 2 Generally the production of more and more 
vacancy-type defects during increased dose of irradiation should have caused an increase 
of the S parameter. On the contrary, the S parameter continuously decreased due to the 
irradiation. The initial decrease of the longer lifetime T3 indicated a decreasing free 
volume and could support the initial fall of S as well. This should have happened if free 
volume defects of sizes relatively smaller than the initially present ones are freshly 
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created during the irradiation. However, the nearly constant intensity I3 does not support 
such a possibility. The intermediate lifetime T2 continuously decreases and levels off to a 
constant at the largest dose of irradiation while its intensity I2 shows the opposite trend, 
indicating that vacancy cluster-type defects less than the sizes of free volume defects are 
created during the irradiation. Since such defects, owing to their smaller sizes, do not 
favor the formation of positronium (the origin of 13), the peak of the Doppler broadened 
line shape no more becomes sharper and the S parameter decreases accordingly. 
3.6.6 Polyvinylidene fluoride (PVDF) 
The positron lifetime spectra PVDF samples irradiated with 145 MeV Ne^ ions to 
different fluences were analyzed in terms of three lifetime components the values of 
which are obtained as: the shortest lifetime component (TI=.1885-.1818 ns and Ii = 
50.1352 - 46.9824%), the intermediate one (xj = .4218 - .4180 ns and I2 = 41.3900 -
40.5544%) and the longest lived component (xa = 2.2859-2.2813 ns and I3 = 12.4632-
10.1712%). 
The positron lifetimes and intensities for PVDF are presented in Table -3.10(a). 
Table-3.10(b) shows the results obtained from o-Ps lifetime T3 for the values of the free 
volume hole radius rn and volume of free holes Vh and fractional free volume Fv for the 
pristine samples and irradiated with 145 MeV Ne^ ion beam to different fluences. The 
variations of Vh and Fv as a fiinction of ion fluence are shown in Figures 3.6.6(a) and (b). 
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Table 3.10 (a) 
PVDF irradiated with 145 MeV Ne*^  Lifetime and Intensities of unirradiated and 
irradiated 
Fluence 
Pristine 
10'° 
10" 
10'2 
Lifetime 
Ti (ns) 
0.1818 
± 
0.0055 
0.1867 
+ 
0.0054 
0.1854 
± 
0.0054 
0.1885 
± 
0.0056 
Lifetime 
T2(ns) 
0.4218 
± 
0.0096 
0.4330 
+ 
0.0102 
0.4207 
± 
0.0098 
0.4180 
+ 
0.0097 
Lifetime 
T3(ns) 
2.2859 
+ 
0.0157 
2.2680 
± 
0.0158 
2.2813 
± 
0.0179 
2.2486 
± 
0.0204 
Intensity 
Ii(%) 
46.9824 
+ 
2.1079 
48.1555 
± 
2.0869 
49.7848 
± 
2.2233 
50.1352 
± 
2.3728 
Intensity 
l2(%) 
40.5544 
+ 
2.0190 
39.2284 
± 
1.9929 
40.0440 
± 
2.1396 
41.3900 
+ 
2.2921 
Intensity 
l3(%) 
12.4632 
± 
0.1360 
12.6161 
± 
0.1430 
10.1712 
+ 
0.1276 
8.4749 
± 
0.1227 
Table- 10(b) 
The lifetime parameters of o-Ps and radius of free volume hole (R), free volume Vh and 
fractional free volume (fy) PVDF 
Fluence 
(ions/cm^) 
Unirradiated 
10'° 
10" 
10'^  
Lifetime 
T,(ns) 
2.2859 
± 
0.0157 
2.2680 
± 
0.0158 
2.2813 
+ 
0.0179 
2.2486 
± 
0.0204 
Intensity 
l3(%) 
12.4632 
± 
0.1360 
12.6161 
± 
0.1430 
10.1712 
± 
0.1276 
8.4749 
+ 
0.1227 
R(A) 
3.104 
3.090 
3.076 
3.065 
Vh (A') 
125.268 
123.581 
121.909 
120.606 
Fv 
2.82 
2.81 
2.24 
1.85 
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Figure3.6.6 (a): Variation of average free volume (A )^ with the fluence (ions/cm^) in 
Polyvinylidene fluoride (PVDF) 145 MeV Ne^ ions irradiated. 
Log flu«nce (ions/cm) 
Figure 3.6.6 (b): Variation of fractional free volume with the fluence (ions/cm ) in 
6+ Polyvinylidene fluoride (PVDF) 145 MeV Ne ions irradiated 
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The decrease in the T3 is related to change in the free volume as a result of the 
formation of new bonds or cross-linking. This decrease in xj implies some shrinking of 
inner and inter - chains of free volume. 
3.6.7 LEXAN polycarbonate 
Lexan Polycarbonate (PC) films were irradiated with 95 MeV O*^  at Pelletron 
accelerator. The analyses of the PAL spectra gives: the short-lived component (TI= 91-
105 ps and Ii = 24.8 - 20.8%), the intermediate component (TJ = 0.415 - 0.428ns and h 
= 31.0 - 47.5%) Detailed analysis of these two compounds is very difficult because of 
the possible formation of positron and positronium compounds that contribute to both of 
them. The long-lived component due to pick-off annihilation of the o-Ps in free volume 
holes is (T3=2.021- 1.957ns and 13= 44.2 - 31.7%). The lifetime T3 is the mean value of 
the o-Ps lifetimes in the fi«e volume holes of different sizes. On the other hand, the 
intensity (I3) is proportional to the number of these fi«e volume holes. The positron 
lifetimes and intensities for pristine and irradiated LEXAN polycarbonate films are 
presented in Table-3.11(a). TabIe-3.11(b) shows the results obtained from o-Ps lifetime T3 
for the values of the free volume hole radius rh, volume of free holes Vh and fractional 
free volume Fv along with the S-parameter obtained from Doppler Broadening 
Spectra(DBS). The variations of free volume, fractional free volume and S-parameter are 
shown in Figures 3.6.7 (a),(b) and (c) 
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Table-3.11(a) 
Lexan Polycarbonate (PC) irradiated with 95 MeV S O*^  Lifetime and intensities of 
unirradiated and irradiated Lexan Polycarbonate. 
Fluence 
(ions/cm^) 
Pristine 
1x10'" 
1x10" 
1x10'^ 
1x10'^ 
2x10'^ 
xi (ns) 
.091±4 
.091±4 
.088±3 
.088±4 
.092±4 
.105±3 
I, (%) 
24.8±0.7 
24.3±0.7 
26.9±0.6 
26.0±0.6 
23.8±0.6 
20.8±0.7 
T2 (ns) 
.415±9 
.417±9 
.429±9 
.426±9 
.427±6 
.428±6 
l2(%) 
31.0^:0.6 
30.6±0.6 
29.7±0.5 
31.2±0.5 
43±0.5 
47.5±0.6 
T3 (ns) 
2.021±0.01 
2.026±0.01 
2.030±0.01 
2.011±0.01 
1.976±0.01 
1.957±0.01 
l3(%) 
44.2±0.3 
45.0±0.3 
43.4±0.3 
42.8±0.3 
33.2±0.3 
31.7±0.26 
Table-3.11(b) 
The lifetime parameters of o-Ps and radius of free volume hole radius rn (A) and fractional 
free volume (fy) in Lexan Polycarbonate 
Fluence 
(ions/cm^) 
Pristine 
IxlO'" 
1x10" 
1x10'^  
1x10'^  
2x10" 
Xj (ns) 
2.021±0.01 
2.026±0.01 
2.030±0.01 
2.011dk0.01 
1.976±0.01 
1.957±0.01 
l3(%) 
44.2i:0.3 
45.0±0.3 
43.4±0.3 
42.8±0.3 
33.2±0.3 
31.7±0.3 
R(A) 
2.875 
2.879 
2.883 
2.865 
2.833 
2.816 
v,(A^ 
99.48 
99.96 
100.34 
98.53 
95.25 
93.48 
Fv 
7.91 
8.09 
7.84 
7.59 
5.69 
5.33 
S 
parameter 
0.4629 
0.4535 
0.4572 
0.4586 
0.4500 
0.4489 
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Figure 3.6.7 (a): Variation of average free volume (A )^ witii the fluence (ions/cm^) in 
,6+ Lexan Polycarbonate, 95 MeV O ions irradiated 
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Figure 3.6.7 (b): Variation of fractional free volume with the fluence (ions/cm^) in Lexan 
,fr+ : Polycarbonate, 95 MeV O ions irradiated. 
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Figure 3.6.7 (c): Variation of S-parameter of LEXAN polycarbonate 
Free volume is found to decrease with the fluence. S parameter obtained from 
DBS remains constant up to the fluence of lO'^  ions/cm^ and then falls. With the increase 
in the fluence, scissioned segments crosslink randomly, resulting into the decrease of 
average free volume due to overlapping of fracks. 
3.6.8 Polyamide NyIon-6,6 
Polyamide Nylon-6,6 samples were irradiated by 50 MeV Li^ "^  ion beam from 15 
UD Pelletron Accelerator to different fluences. The lifetime parameters obtained from 
the analyses of PAL specfra are presented in Table-3.12 (a). Table 3.12(b) shows the 
values of free volume hole radius rn, volume of free holes Vh results obtained from o-Ps 
lifetime X3 for the values of the free volume hole radius rh and for the pristine samples and 
irradiated. The variation of Vh and fractional free volume Fv along with the S-parameter 
obtained from Doppler Broadening Specfra (DBS). The variation of Vh , Fv and S-
parameter as a fiinction of ion fluence are shown in Figures 3.6.8(a),(b) and (c). 
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Table ^ .12 (a) 
:3+ Polyamide Nylon-6,6 (PN-6,6) irradiated with 50 MeV Li Lifetime and Intensities of 
unirradiated and irradiated. 
Fluence 
(ions/cm )^ 
Pristine 
5x10'" 
IxlO" 
1x10'^  
5x10'^ 
IxlO" 
3.5x10" 
T, (ns) 
0.151±.004 
0.139±004 
0.140±004 
0.120±004 
0.136±004 
0.147±004 
0.133±004 
I, (%) 
31.8±1.1 
27.6±1.1 
27.7±1.1 
25.0±1.1 
28.7±1.I 
30.1±1.1 
26.8±1.1 
T2 (ns) 
0.357±.005 
0.340±.005 
0.339±.005 
0.329.005 
0.340±.005 
0.346±.005 
0.335±.005 
I,(%) 
47.0±1.0 
50.8±1.0 
50.2±1.0 
53.3±1.0 
50.1±1.0 
48.7±1.0 
51.7±I.O 
T3 (ns) 
1.638±0.01 
1.621 ±0.01 
1.619±0.01 
1.629±0.01 
1.630±0.01 
1.617±0.01 
1.615±0.01 
l3(%) 
21.2±0.3 
21.7±0.3 
22.0±0.3 
21.6±0.3 
21.2±0.3 
21.2±0.3 
21.5±0.3 
Table-3.12(b) 
The lifetime parameters of o-Ps and radius of free volume hole rn (A), free 
volume Vh, fractional free volume (fv) and S-parameter in Polyamide Nylon-6, 6. 
Fluence 
(ions/cm^) 
Pristine 
5x10'" 
1x10" 
1x10'^ 
5x10'^ 
1x10'^ 
3.5x10'^ 
T3 (ns) 
1.638±0.01 
1.621±0.01 
1.619±0.01 
1.629±0.01 
1.630±0.01 
1.617±0.01 
1.615±0.01 
l3(%) 
21.2±0.3 
21.7±0.3 
22.0±0.3 
21.6±0.3 
21.2±0.3 
21.2±0.3 
21.5±0.26 
rh(A) 
2.4969 
2.4786 
2.4764 
2.4872 
2.4883 
2.4742 
2.4721 
Vf(A^) 
65.194 
63.771 
63.602 
64.438 
64.523 
63.432 
63.271 
Fv 
2.48 
2.49 
2.51 
2.50 
2.46 
2.42 
2.44 
S-
parameter 
0.4429±.001 
0.4429±.001 
0.4433±.001 
0.4420±.001 
0.4436±.001 
0.4436±.001 
0.4415±.001 
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Figure 3.6.8 (a): Variation of average free volume (A )^ with the fluence (ions/cm^) in 
Polyamide Nylon-6,6 Polymrer, 50 MeV Li^ "^  ions irradiated. 
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Figure 3.6.8 (b): Variation of fractional free volume with the fluence (ions/cm^) in 
Polyamide Nylon-6,6 polymer, 50 MeV Li^ * ions irradiated. 
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Figure 3.6.8 (c): Variation of S-parameter with tiie log fluence (ions/cm^). 
Various life time components obtained from the analyses of the PAL spectra are 
(T,= .151-.133 ns and I, = 31.8 - 26.8%), (T2 = 0.357 - 0.335ns and h = 47.0 - 51.7%) 
and (X3=1.638- 1.615ns and l3= 21.2 - 21.5%). The lifetime (T3) is the mean value of the 
o-Ps lifetimes in the free volume holes of different sizes and it and free volume show 
erratic behavior and lastly decreases with the fluence. S parameter obtained from DBS 
remains abnost constant. With the increase in the fluence, scissioned segments crosslink 
randomly, resulting into the decrease of average free volume due to overlapping of track. 
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Chapter IV 
In this chapter, the resuhs of characterization of optical and chemical 
modifications induced by swift heavy ions in polymers through Ultraviolet-Visible (UV-
Vis) spectroscopy and Fourier Transform Infrared (FT IR) spectroscopic analyses are 
presented. 
4.1 Characterization of Optical Modification through UV-Visible 
Spectroscopy 
Ultraviolet-Visible (UV-Vis) spectroscopy gives an idea about the value of optical 
band gap energy (Eg) and thus is an important tool for investigation. The absorption of 
light energy by polymeric materials in UV and Visible regions involves promotion of 
electrons in a, n and T| orbitals from the ground state to higher energy states which are 
described by molecular orbitals [1]. The damage produced by ion beam interaction with 
polymer leads to the formation of new defects and new charge states. UV-Vis 
spectroscopy performed in the wavelength range 200 - 1100 nm by SHIMADZU, UV-
1601 PC (Japan) UV-Visible spectrophotometer has been used for the study of new bands 
formed due to ion irradiations. 
4.2 Irradiation 
In our present study, modification in various types of polymers irradiated by four 
type of ions of different mass and range has been characterized. Details of irradiated 
polymers and irradiating heavy ions of different energies are presented in Tables 4.1 (a) 
and 4.1(b). 
Swift heavy ion (SHI) irradiation of the polymeric samples were carried out at 15 
UD Pelletron Accelerator at Inter University Accelerator Centre (lUAC), New Delhi, 
India and Variable Energy Cyclotron Centre (VECC), Kolkata, India. Various types of 
polymers samples of various fluences were irradiated by 100 MeV Si*"^  ion beam. In the 
second run the samples of different polymers were irradiated by 145 MeV Ne'^ ^ ion beam 
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to the fluence of 10'° to lO'^  ions/cm .^ In the third run the samples of various polymers 
were irradiated by 95 MeV O*"^  ion beam to the fluence of 10'° to lO'^  ions/cm .^ In the 
last fourth run the samples of different fluences and different thickness were exposed to 
50 MeV Li^ "^  ion beam to the fluence 10'° to 2xl0'^ ions/cm^ as per the scheme described 
in chapter II. The various polymers details are described in Tables - 4.1(a) and 4.1 (b). 
Table 4.1 (a); Polymers samples of size 1.5x1.5 cm^ were mounted on a vacuum 
shielded vertical sliding ladder and were exposed to 100 MeV Si^ "^ , 95 MeV O^ "^  and 50 
MeV Li^ "^  ion beam in the General Purpose Scattering Chamber (GPSC) under high 
vacuum (~4xI0"^ Torr) from 15 UD Pelletron accelerators at Inter University Accelerator 
Centre, New Delhi, India [2]. The samples were irradiated to the different fluences. In 
order to expose the whole target area uniformly, the beam was scanned in the X-Y plane. 
Table 4.1(b); Polymers samples were irradiated by 145 MeV Ne^ ion beam at 
Variable Energy Cyclotron Centre (VECC), Kolkata. Irradiation was carried out to 
different fluences. At VECC ion beam was defocused using a magnetic scanning system 
so that the film may be uniformly irradiated. Also X-Y scanner was used for uniform 
irradiation of the samples. 
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Table-4.1 (a) 
Details of heavy ions and polymers for irradiation at Inter University Accelerator Centre, 
New Delhi, in 
Name of 
the ion 
with symbol 
Silicon Si*"" 
Silicon Si*^  
Silicon Si'^ 
Silicon Si** 
Silicon Si** 
Silicon Si** 
Oxygen 0*^ 
Oxygen O*^  
Oxygen 0"* 
Oxygen O"* 
Oxygen 0"* 
Lithium 
Li^ * 
Lithium 
Li^ * 
Lithium 
Li'* 
the present investigation 
Energy 
MeV/n 
100 MeV 
100 MeV 
100 MeV 
100 MeV 
100 MeV 
100 MeV 
95 MeV 
95 MeV 
95 MeV 
95MeV 
95MeV 
50 MeV 
50 MeV 
50 MeV 
Name of the polymer 
Makrofol-KG 
(Bisphenol-A 
Polycarbonate) 
Makrofol-N 
(Bisphenol-A 
Polycarbonate) 
Polyethersulphone 
(PES) 
Polytetrafluoroethylene 
(PTFE) 
Polypropylene 
(PP) 
Polymethylmethacrylate 
(PMMA) 
Polyethylene oxide Salt 
17% 
Polyethylene oxide Salt 
19% 
Lexan Polycarbonate 
Low density 
Polyethylene-oxide 
(LDPE) 
Polyvmylidene fluoride 
(PVDF) 
Polyamide Nylon-6,6 
(PN-6,6) 
Polystyrene (PS) 
Low density 
Polyethylene-oxide 
(LDPE) 
Name of the 
manufacturer 
Farben Fabri-ken 
Bayer A.G., 
Germany 
Farben Fabri-ken 
Bayer A.G., 
Germany 
Good Fellow. UK 
Good Fellow. UK 
Good Fellow. UK 
Good Fellow. UK 
w 
BDH England 
BDH England 
Farben Fabri-ken 
Bayer A.G., 
Germany 
Good Fellow. UK 
Good Fellow. UK 
Good Fellow. UK 
Good Fellow. UK 
Good Fellow. UK 
Thickness 
40 ^ m 
30 Mm 
250 Mm 
100 Mm 
50 M"! 
125 Mm 
170 Mm 
170 Mm 
225 Mm 
50 Mm 
80 Mm 
250 Mm 
1 mm. 
50 Mm 
Table-4.1 (b) 
Details of heavy ions and polymers for irradiation at Variable Energy Cyclotron 
Centre (VECC), Kolkata, in the present investigation 
Name of the 
ion with 
symbol 
Neon Ne*^ 
Neon Ne*^ 
Neon Ne*^ 
Neon Ne*^ 
Neon Ne*^ 
Neon Ne*^ 
Energy 
MeV/n 
145 MeV 
145 MeV 
145 MeV 
145 MeV 
145 MeV 
145 MeV 
Name of the polymer 
Makrofol-KG 
(Bisphenol-A 
Polycarbonate) 
Polyethersulphone 
(PES) 
Polymethyl 
methacrylate 
(PMMA) 
Polytetrafluoro 
ethylene 
(PTFE) 
Polypropylene 
(PP) 
Polyvinylidene 
fluoride (PVDF) 
Name of the 
manufacturer 
Farben Fabri-ken 
Bayer A.G., 
Germany 
Good Fellow 
UK 
Good Fellow 
UK 
Good Fellow 
UK 
Good Fellow 
UK 
Good Fellow 
UK 
Thickness 
40 ^ m 
250 fmi 
125 im 
100 ^ m 
50 ^ m 
80jmi 
4.3 UV-Vis spectroscopy/optical response 
Ultraviolet-visible spectroscopy gives an idea about the value of optical band-gap 
of virgin and irradiated polymer samples energy (Eg) and thus provides an important tool 
for investigation. The absorption of light energy by polymeric materials in the ultraviolet 
and visible regions involves promotion of electrons in a, n and n-orbitals from the ground 
state to higher energy states which are described by molecular orbitals [1]. The electronic 
transitions (-^) that are involved in the ultraviolet and visible regions are of the following 
types: 
a —> o*, n -^ 71*, and n —> n*. 
Many of the optical transitions which result from the presence of impurities have energies 
in the visible part of the spectrum; consequently the defects are referred to as colour 
centers [3]. Ion beam interaction with polymers generates damage, which leads to the 
formation of new defects and new charge states resulting in the modification of optical 
119 
properties. In the present study, significant changes of different amounts have been 
observed in optical response of the polymers after irradiation with Si^ "^  ,Ne^ ,^ O*^  and 
Li'^ions of energies 100 MeV, 145 MeV, 95 MeV and 50 MeV respectively. 
The absorption spectra of virgin and irradiated polymer samples were recorded 
with UV-Vis spectrophotometer are presented in Figs. 4.10 to 4.30. It is observed that 
optical absorption increases with increasing fluence and this absorption shifts from UV-
Vis towards the visible region for all irradiated polymer samples as the fluence increases. 
The increase in absorption with irradiation may be attributed to the formation of a 
conjugated system of bonds due to bond cleavage and reconstruction [4]. 
The optical absorption method can be used for the investigation of the optically 
induced transitions and can provide information about the bond structure and energy gap 
in crystalline and non-crystalline materials [5]. The shift in absorption edge is correlated 
with the optical band gap Eg = he / X.g, where h is Planck constant and c the velocity of 
light. The wavelength X^ is determined using Tauc's expression [6]. 
(o^ S2(X) = (h CO - Eg)^  (4.1) 
where 62 (X) is the optical absorbance, X, the wavelength and 00= 270) is the angular 
frequency of the incident radiation. Solving the Equation 4.1 one gets 
•fi^/X = h/2Tik- Eg/27ic (4.2) 
Therefore the plot of y^^''^ vs Ifk must be a straight line with an intercept of 
-Eg/27tc. If 0 is the inclination of the straight line with X-axis, the slope should be tanO 
and we have 
•^ = -T7^ (4.3) 
where 1/Xg represents the abscissa of the point of intersection of the straight line with the 
X-axis and 
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In 
The number of carbon hexagonal rings in the cluster 'N' can be found from the Robertson 
relation [7]. 
E,-2L,y ,4.5) 
Here 2p is the band structure energy of a pair of adjacent % sites and its value is taken as 
-2.9 eV for a six numbered carbon ring. Fink et al.[8] have pointed out that the 
Robertson equation underestimates the cluster size in irradiated polymers. Thus the 
structure of the cluster was assumed to be like a buck minister fullerene, that is, a €50 ring 
instead of Ce and the relation emerges: 
£ , = ^ e v (4.6, 
Where N is the no. of carbon atoms per cluster in the irradiated polymer. Above relation 
has been used to calculate the no. of carbon atoms per cluster in the irradiated samples. 
4.3.1 Response of Makrofol-KG 
Makrofol-KG polycarbonate samples were irradiated with 100 MeV Si*"^  ions 
from Pelletron accelerator and 145 MeV Ne^ ions from Variable Energy Cyclotron 
to the fluences of and respectively. Figures 4.1 and 4.2 show the optical absorption 
spectra of pristine and 100 MeV Si**, and 145 MeV Ne^ions irradiated Makrofol-KG 
(PC) samples at different fluences. 
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400 450 500 550 
Wavelength (nm) 
700 
Figure 4.1: Optical absorption spectra of Makrofol-KG (PC) polymer irradiated with 
100 MeV Si** ions beam 
400 500 600 
Wavelength (nm) 
Figure 4.2: Optical absorption spectra of Makrofol-KG (PC) polymer irradiated with 
145MeVNe**ion beam. 
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The values of absorption edges are increasing with increasing the fluences. The Eg 
values show a decreasing trend with increasing the ion dose for samples irradiated by 
both kinds of ions. The cluster size for the Si** irradiated samples is found to lie between 
62- 187 atoms, while it lies between 62- 139 atoms for Ne^ ions irradiated samples. The 
cluster size in the pristine polymer corresponds to the grain structure of the polymer due 
to the complexity of its monomeric units. Tables- 4.2 and 4.3 present the values of 
absorption edge X^, band gap Eg and the number of carbon atoms N per conjugation 
length. 
Table-4.2 
Variation of absorption edge (kg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Si** irradiated samples of Makrofol-KG (PC) at 
different fluences. 
Fluence 
(ions/cm )^ 
0 
1 X 10'" 
3x10'" 
1x10" 
3x10" 
6x10" 
1x10'^ 
Absorption edge (>.) (nm) 
285.10 
291.80 
291.86 
294.03 
315.42 
418.20 
495.48 
Band gap energy 
Eg(eV) 
4.36 
4.30 
4.26 
4.23 
3.94 
2.97 
2.51 
(N) 
62 
64 
65 
66 
76 
133 
187 
Table-4.3 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) 
per conjugation length in pristine and Ne^ ion irradiated samples of Makrofol-KG 
Polycarbonate to different fluences. 
Fluence 
(ions/cm )^ 
0 
10"^  
10" 
10'^  
10'^  
Absorption edge 
X (^nm) 
285.10 
308.43 
309.78 
411.50 
426.69 
Band gap energy 
Eg(eV) 
4.36 
4.04 
4.01 
3.02 
2.91 
N 
62 
72 
73 
129 
139 
123 
In Si ion irradiated samples the optical band gap energy remains almost constant 
upto the dose of 3 x lO" ions/cm^ after which it decreases gradually with increase in 
dose while in Ne** irradiated samples the optical band gap decreases slowly up to the 
dose of lO'^  ions/cm^ after which it decreases fast. Band gap decreases -43% in case of Si 
ion irradiated samples at higher fluence of I x lO'^  and -33% at the higher fluence of lO'^  
ions/cm^ in Ne ion irradiated PC. The variation of energy gap is shown in figure 4.3 for 
both the ions. On heavy ion irradiation and higher fluences polymeric restructuring 
process due to predominant cross linking leads to formation of free radicals [8] as 
confirmed by Sinha et al. [9] that the free radical formation takes place in PADC 
(Acrylics) by gamma irradiation at higher doses. This causes a significant reduction in 
energy band gap. Thus the decrease in energy band gap in present case can be correlated 
to the formation of free radicals. We find that the cluster size to be larger (~187 atoms for 
Silicon and -139 atoms for Neon irradiation). This may be due to the fact that heavy ions 
of Silicon and Neon create more damage in the carbon chain inside the polymer. The 
variation in optical energy band gap of Makrofol-KG with ion fluence for the two ion 
beams has been prfesented in figure 4.3. 
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Figure 4.3; The variation of optical - gap energy of Makrofoi-KG 
with different ion fluences 
43.2. Response of Makrofol-N 
The optical absorption spectra of Makrofol-N (PC) pristine and irradiated samples 
with 100 MeV Si** ions to the fluences of 10'°, 3xl0'°, lO'', 3xl0", 6xl0" and lO'^  
ions/cm^ are shown in Figure 4.4. The values of absorption edges, optical band gap 
energies and cluster size N are given in Table- 4.4 
-i 1 1-
400 500 
Wavelength (nm) 
700 
Figure 4.4: Optical absorption spectra of Makrofol- N Polycarbonate irradiated 
With 100 MeV Si** ions beam 
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Table-4.4 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and irradiated samples of Makrofol-N (PC) at different 
fluences. 
Fluence 
(ions/cm^) 
0 
10'" 
3x10'" 
10" 
3x10" 
6x10" 
10'^ 
Absorption edge (Xg) 
(nm) 
285.45 
287.32 
288.83 
296.92 
300.38 
325.95 
449.81 
Band gap energy 
(eV) 
4.36 
4.32 
4.30 
4.19 
4.13 
3.81 
2.76 
N 
62 
63 
64 
67 
69 
81 
154 
The pristine sample shows the absorption edge at 285.45 nm, with corresponding 
optical band gap energy 4.36 eV. After irradiation, a strong increase in absorbance in the 
visible region along with gradual shifting of the optical absorption edge from UV to 
visible region was clearly observed with the increase of ion fluence. At the highest 
fluence of lO'^  ions/cm^ the absorption edge got shifted to 449.91 nm, with corresponding 
optical band gap as 2.76 eV. Thus, there is decrease of approximately 37% in the optcal 
band gap at higher fluence lO'^  ions/cm .^ The variation in optical energy band gap of 
Makrofol-N with ion fluence for the two ion beams has been presented in Figure 4.5. 
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Figure 4.5: Variation of optical band gap energy with different ion fluences 
in Makrofol-N (PC) 
Earlier studies [4, 9 and 10] have indicated that the carbon enriched domains 
created in polymers during irradiation are responsible for the decrease in band gap. The 
cluster size for the silicon irradiated samples is found to lie between 62 and 154 atoms. 
The cluster size in the pristine polymer corresponds to the grain structure of the polymer 
due to the complexity of its monomeric units. The decrease in present case can be 
correlated to the formation of free radicals due to predominant cross linking leading to 
the formation of free radicals [8] resulting from heavy ion irradiation. 
4JJ Response of Polyethersulphone (PES) 
Absorption studies with UV-Vis spectrophotometer were carried out on samples 
of aromatic polymer, polyether-sulphone (PES) samples (1.5x1.5 cm^} .pristine and 
irradiated with lOOMeV Si** ions to the fluences of Ix 10'°, Ix lO", IxlO'^ and 5 x 
lO'^  ions/cm^ and with 145 MeV Ne^ ions to the fluences of lO'^  and lO'^  ions/cml The 
optical absorption spectra are shown in Figures 4.6 and 4.7. 
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Wfavelenglh (nm) 
Figure 4.6: Optical absorption spectra of Polyether sulphone (PES) irradiated with 100 
MeV Si** ion beam. 
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Figure 4.7: Optical absorption spectra of Polyethersulphone (PES) irradiated with 
145 MeV Ne^ ion beam 
Figures 4.6 and 4.7 show a sharp decrease with increasing wavelength up to ~ 425 
nm, followed by a plateau region. It is evident that optical absorption increases with 
increasing fluence and this absorption shifts from UV-Vis towards the visible region for 
irradiated samples. The values of Xg and the corresponding results of energy gap (Eg) and 
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the number of carbon atoms per conjugation length (N) for pristine as well as irradiated 
samples are reported in Table 4.5 and 4.6. 
Table - 4.5 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Si** ion irradiated samples of PES to different fluences. 
Fluence 
(ions/cm )^ 
0 
1x10'" 
I x i o " 
1x10'^ 
5x10'^ 
Absorption 
edge Xe (nm) 
463.22 
497.21 
498.30 
681.05 
762.19 
Band gap 
energy EjCeV) 
2.68 
2.50 
2.49 
1.82 
1.63 
N 
164 
188 
190 
355 
443 
Table-4.6 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Ne^ ion irradiated samples of PES to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
1 X 10'^  
1x10'^ 
Absorption edge 
X.(nni) 
463.22 
698.03 
771.54 
Band gap energy 
Ee(eV) 
2.68 
1.78 
1.61 
N 
164 
371 
454 
The increase in absorption may be attributed to the formation of a conjugated 
system of bonds due to bond cleavage and reconstruction [4]. For Si ions optical band gap 
decreases by almost 39 % at the highest fluence of 5 x lO'^  ions/cm .^ For Ne ion 
irradiation to the fluence of 1x10'' ions/cm ,^ the optical band gap decreases by almost 
40%. Previous studies [10-13] on different polymers have indicated that the carbon 
enriched domains created in polymers during irradiation are responsible for the decrease 
in band gap. It is observed that energy gap decreases with the increase in ion fluence. 
Optical band gap decreases by almost the same amount for both the ions irradiation. It is 
found that cluster size increases with transferred energy density for both the ions. The 
variation of optical band gap is shown in Figure 4.8. 
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Figure 4.8: Variation of optical band gap energy with different ion fluences 
of Polyethersulphone (PES) 
4J.4 Response of Polypropylene (PP) 
Polypropylene (PP) in the form of flat films of thickness 50 \im was procured 
from Good Fellow, Cambridge Ltd. England (U.K.). The specimens of the size (1.5 x 1.5 
cm )^ were prepared for irradiation. Samples were mounted on a vertical vacuum shield 
ladder and irradiated in General Purpose Scattering Chamber (GPSC) by 100 MeV Si*"^  
ion beam from 15 UD Pelletron accelerator at Inter University Accelerator Centre, New 
Delhi to the fluences of 1 x 10'°, 3 x 10'°, 1 x lO", 3 x lO", 6 x lO" and 1 x lO'^  
ions/cm^. Irradiation with 145 MeV Ne** ion beam was carried out at Variable Energy 
Cyclotron Centre,(VECC) Kolkata to the fluences of 10*, 10'°, lO", lO'^  and lO'^  
ions/cm .^ The ion beam was defocused using a magnetic scanning system so that the film 
may be uniformly irradiated. The beam current was kept below (10 nA) to suppress 
thermal decomposition. Optical, modifications are characterized by UV-Vis spectroscopy 
analyses. Ultraviolet-Visible (UV-VIS) spectroscopy is performed in the wavelength 
range 200 - 800 nm by SHIMADZU, UV-1601 PC (Japan) UV-Visible 
spectrophotometer. 
The formation of new bands due to ion irradiations has been studied by UV-
Visible spectroscopy. The results of absorption studies with UV-Vis spectrophotometer 
130 
carried out on pristine and irradiated Polypropylene (PP) samples are shown in figures 4.9 
and 4.10. Figure 4.9 shows the optical spectra for PP polymer samples after irradiation 
with Si*^  ions to the fluences of 1 x 10'°, 3 x 10'°, 1 x JO", 3 x lO", 6 x lO" and 1 x lO'^  
ions/cm^ and figure 4.10 shows the optical absorption spectra of PP polymer samples 
pristine and after irradiation with Ne*"" ion to the fluences of 10*, 10'°, lO", lO'^  and lO'^  
ions/cm^ respectively. 
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Figure 4.9; Optical absorption spectra of Polypropylene (PP) polymer, pristine and 
8+ irradiated with 100 MeV Si ion beam 
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Figure 4.10: Optical absorption spectra of Polypropylene (PP) polymer, pristine and 
irradiated witii 145 MeV Ne^ ion beam 
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The optical absorption spectrum of the pristine sample shows a sharp decrease in 
absorbance with increasing wavelength followed by a plateau region for both the ions. It 
is observed that optical absorption increases with increasing fluence and this absorption 
shifts from UV-Vis towards the visible region for irradiated samples. The increase in 
absorption may be attributed to the formation of a conjugated system of bonds due to 
bond cleavage and reconstruction [1]. 
The damage of sharpness decreases with increasing dose which indicates towards 
the increased damage in the films as the fluence is increased. Optical absorption method 
can be used for the investigation of the optically induced transitions and can provide 
information about the bond structure and energy gap in crystalline and non crystalline 
matter [4]. TTie values of Xg and the corresponding results of energy gap (Eg) and the 
number of carbon atoms per conjugation length (N) for pristine as well as irradiated 
samples are presented in Tables 4.7 and 4.8. 
Table-4.7 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and 100 MeV Si^ ^ ion irradiated samples of PP to different 
fluences. 
Fluence 
(ions/cm^) 
0 
10'" 
3x10'" 
1x10" 
3x10" 
6x10" 
1x10'^ 
Absorption edge 
Xe(nm) 
225.32 
227.43 
233.85 
242J8 
246.10 
260.38 
286.79 
Band gap energy 
E.(eV) 
5.52 
5.47 
5.32 
5.12 
5.05 
4.77 
4.33 
N 
38 
39 
41 
44 
46 
51 
62 
132 
Table - 4.8 
Variation of absorption edge (X^, energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine andl45 MeV Ne^ ion irradiated samples of PP to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10' 
10'" 
10" 
10'^  
10'^  
Absorption edge 
Xc(nin) 
228.27 
229.6+8 
232.11 
233.57 
352.65 
458.87 
Band gap 
Energy (eV) 
5.45 
5.41 
5.36 
5.32 
3.53 
2.71 
N 
39 
40 
41 
42 
94 
160 
It is observed that energy gap decreases with the increase in ion fluence. Optical 
band gap decreases by almost 21 % at the highest fluence of 1 x lO'^  ions/cm^ for Si** ion 
irradiation whereas for Ne** ion irradiation the change is 50% at the highest fluence of 
lO'^  ions/cm^ Earlier studies [10-14] have indicated that the carbon enriched domains 
created in polymers during irradiation are responsible for the decrease in band gap. The 
variation of optical band gap is shown in figure 4.11, 
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Figure 4.11: Variation of optical band gap energy with different ion 
fluences of Polypropylene (PP) 
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43.5 Response of Polyethylene terephthaiate (PET) 
A representative plot of absorption as a function of wavelength for the samples of 
PET films irradiated with 100 MeV Si** ions to the fluences of 10'°, lO" and lO'^  
ions/cm^ is shown in Figure 4.12. 
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Figure 4.12: Optical absorption spectra of Polyethylene terephthaiate (PET) 
polymer irradiated with 100 MeV Si** ion beam 
A clear shift in the absorption edge towards the red end of the spectrum is 
observed. The values of absorption edges X^ optical band energy gap Eg and number of 
carbon atoms per cluster (N) presented in table 4.9 
Table -4 .9 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Si** ion irradiated samples of PET to different fluences. 
Fluence 
(ions/cm )^ 
0 
10'*^  
10" 
10'^  
Absorption edge 
X^inm) 
321.44 
323.58 
326.24 
328.12 
Band gap energy 
Ee(eV) 
3.86 
3.84 
3.81 
3.78 
(N) 
79 
80 
81 
82 
The value of optical gap energy (Eg) shows a decreasing trend with increasing ion 
fluence. Optical band gap decreases almost 2.07% at the highest fluence of lO'^  ions/cm .^ 
This fact is further corroborated as the number of carbon atoms per cluster obtained in the 
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work too shows dependence with the increase in the ion fluence. Variation with fluence in 
optical band gap is shown in Figure 4.13. 
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Figure 4.13: Variation of optical band gap energy with different ion fluences 
of Polyethylene trephthalate (PET) 
4J.6 Response of Polytetrafluoroetbylene (PTFE) 
Figures 4.14 and 4.15 present the absorption spectra of pristine and 100 MeV Si 
ions irradiated samples to the fluences of lO'", lO", lO'^  and lO'^ ions/cm^ and 145 
MeV Ne^ ions irradiated samples to the fluences of (lO'", lO" andlO'^ ions/cm'^ ) 
respectively. 
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Figure 4.14: Optical absorption spectra of Polytetrafluoro ethylene (PTFE) polymer 
irradiated with 100 MeV Si*^  ion beam. 
135 
800 
Wavelength (nm) 
Figure 4.15: Optical absorption spectra of PTFE polymer irradiated with 145 MeV 
Ne** ion beam. 
The values of absorption edge and corresponding optical energy gap and number 
of carbon atoms per cluster are given in Tables- 4.10 and 4.11. 
Table-4 .10 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Si*"^  ion irradiated samples of PTFE at different 
fluences. 
Floence 
(ions/cm )^ 
0 
10"* 
10" 
10'2 
10'^  
Absorption edge 
Xe(nin) 
556.01 
565.97 
582.21 
585.81 
594.38 
Band gap energy 
(eV) 
2.23 
2.19 
2.13 
2.12 
2.09 
(N) 
236 
245 
259 
261 
269 
136 
Table - 4.11 
Variation of absorption edge (X^, energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and Ne^ ion irradiated samples of PTFE to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10"^  
10" 
10'^  
Absorption edge (>^ 
(nm) 
556.01 
592.00 
609.11 
664.70 
Band gap energy 
(eV) 
2.23 
2.10 
2.04 
1.87 
No. of carbon 
atoms (N) 
236 
266 
283 
336 
The pristine sample shows absorption edge (X^ ) as 556 nm, which corresponds to 
optical energy gap of 2.23 eV. The pronounced shift in absorption edge is observed with 
100 MeV Si** ion beam, and optical edge shifs to 594.38 nm, at the fluence lO'^  ions/cm .^ 
For the 145 MeV Ne^ ions irradiated PTFE, optical edge shift to 664.70 nm, at the 
fluence of lO'^  ions/cm^. At the highest fluence of ~10'^ ions/cm^ maximum decrease in 
energy gap of almost 6.27 % has been found for Si** ions irradiated PTFE polymer 
samples and decrease of about 16.14% is found in PTFE samples irradiated with 145 
MeV Ne^ ions. The variation of optical band gap is shown jn Figure 4.16. Carbon 
enriched domains created in polymers during irradiation may be responsible for the 
decrease in band gap as indicated by earlier studies [8,14] and [10-13]. The optical 
absorption method can be used for the investigation of the optically induced transitions 
and can provide information about the bond structure and energy gap in crystalline and 
non-crystalline materials [4]. 
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Figure 4.16: Variation of optical - gap energy with different ion 
fluences of Polyetetrafluoroethylene (PTFE) 
4.3.7 Response of Polymethyle methacrylate (PMMA) 
Optical absorption spectra of pristine and 100 MeV Si**, 145 MeV Ne** and 50 
MeV Li^ "^  ions irradiated PMMA film samples to different fluences are presented in 
Figures 4.17,4.18 and 4.19. 
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Figure 4.17: Optical absorption spectra of Polymethyl methacrylate (PMMA) 
polymer irradiated with 100 MeV Si** ion beam. 
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Figure 4.18: Optical absorption spectra of Polymethylmethacrylate (PMMA) 
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Figure 4.19: Optical absorption spectra of PMMA polymer irradiated with 50 MeV 
Li^ ^ ion beam. 
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Figures show a sharp decrease in absorbance in pristine samples with increasing 
wavelength, followed by a plateau region. Figures 4.12 - 4.14(b-e) show the optical 
spectra for PMMA polymer samples after irradiation to the different fluences. It is 
observed that optical absorption increases with increasing fluence and the absorption 
shifts from UV-Vis towards the visible region for irradiated samples as the fluence 
increases. The increase in absorption may be attributed to the formation of a conjugated 
system of bonds due to bond cleavage and reconstruction [4]. The values of absorption 
edges Xg, the corresponding optical band gap (Eg) and number of carbon atoms per cluster 
N are given in Tables 4.12,4.13 and 4.14. 
Table - 4.12 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Si** ion irradiated samples of PMMA to different 
fluences. 
Fluence 
(ions/cm^) 
0 
10'" 
10'> 
10'^  
10'^  
Absorption edge 
Xe(nni) 
399.24 
404.06 
414.84 
422.22 
426.41 
Band gap energy 
(eV) 
3.11 
3.07 
2.99 
2.94 
2.91 
N 
122 
124 
131 
136 
138 
Table-4.13 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length in pristine and Ne*"^  ion irradiated samples of PMMA to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10'" 
10" 
10'2 
10'^  
Absorption edge 
Xe(nm) 
395.57 
430.77 
455.76 
544.97 
598.59 
Band gap energy 
(eV) 
3.14 
3.05 
2.73 
2.22 
2.08 
N 
119 
126 
158 
239 
272 
140 
Table - 4.14 
Variation of absorption edge (kg), energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and Li^ * ion irradiated samples of PMMA to different 
fluences. 
Fluence 
(ions/cm^) 
0 
5x10'" 
10" 
10'^ 
10'^ 
Absorption edge 
Xg(nin) 
388.68 
396.49 
405.65 
423.59 
461.99 
Band gap energy 
Eg(eV) 
3.19 
3.13 
3.06 
2.93 
2.69 
N 
116 
120 
126 
137 
163 
It can be observed that energy gap decreases with the increase in ion fluence for 
all the three kind of ions. Optical band gap decreases by almost 6.4% for Si** ion 
irradiation to the highest fluence whereas for Ne^ ion irradiation the change is 34% at the 
highest fluence of lO'^  ions/cm^ and decrease in band gap 16% for the sample irradiated 
to Li''* ions at the highest fluence of lO''' ions/cm .^ The cluster size for the silicon 
irradiated samples is found to lie between 122-138 atoms and for the Neon irradiated it 
lies between 119-172 atoms, while it lies between 116-163 atoms for the lithium 
irradiated samples. Carbon enriched domains created in polymers during irradiation may 
be responsible for the decrease in band gap as indicated by earlier studies [8, 10-13]]. The 
optical band gap variation with fluences is shown in figure 4.20 for the ions. 
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\6+ 
43.8 Response of Low Density Polyethylene (LDPE) 
Figure 4.21 shows the UV-Vis absorption spectra of pristine and 95 MeV 0°^ ion 
irradiated LDPE samples at different fluences. The values of absorption edges and the 
corresponding optical band gap energies, number of carbon atoms per cluster(N) are 
given in Table 4.15. 
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Figure 4.21: Optical absorption spectra of LDPE polymer irradiated with 95 MeV O' 
ion beam. 
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Table - 4.15 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and O*^  ion irradiated samples of LDPE to different 
fluences. 
Fluence 
(ions/cm^) 
0 
10'° 
10" 
10'^  
10'^  
Absorption edge 
Xe(nm) 
240.30 
248.23 
255.25 
273.12 
380.72 
Band gap energy 
E,(eV) 
5.17 
5.00 
4.87 
4.55 
3.27 
N 
44 
47 
50 
57 
110 
The pristine LDPE sample shows absorption edge at 240.30 nm, with 
corresponding optical band gap of 5.17 eV. After irradiation, a strong increase in 
absorbance in the visible region along with gradual shifting of the optical absorption edge 
from UV to visible region was clearly observed with the increase of ion fluence. At the 
highest fluence lO'^  ions/cm^ the absorption edge got shifted to 380.32 nm, with 
corresponding optical band gap as 3.27 eV. It can be observed that energy gap decreases 
with the increase in ion fluence. Optical band gap decreases by almost -37% for O^ ion 
irradiation. The decrease in optical band gap is generally attributed to the formation of 
carbon-enriched domains created in polymers during irradiation. The ion irradiation has 
lead to pronounced coloration effects, starting from the transparent pristine film to 
yellowish and then dark brown at the highest fluence. 
We got similar effects with 50 MeV Li^ " ion irradiation to 5xlO'°, lO", lO'^  and 
lO''' ions/cm^ as shown in Figure 4.22. 
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Figure 4.22: Optical absorption spectra of LDPE polymer irradiated with 50 
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The values of absorption edges and the corresponding optical band gap energies, 
numbers of carbon atoms per cluster (N) are given in table 4.16. 
Table - 4 .16 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and Li^ * ion irradiated samples of LDPE to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
5xlO'° 
10" 
10'^  
10'^  
Absorption edge 
X«(nin) 
238.57 
243.22 
255.41 
261.61 
343.05 
Band gap energy 
E.(eV) 
5.21 
5.11 
4.87 
4.75 
3.62 
N 
43 
45 
50 
52 
90 
A similar trend of shift in the absorption has been noticed as 238.57 nm. In this 
case the ion irradiation has shifted the absorption edge to 343.05 nm, with corresponding 
optical band gap energy as 3.62 eV, at the highest fluence of lO'^  ions/cm .^ So, the optical 
energy gap got decreased by nearly 31%. In similarity to results of 95 MeV O** ion 
irradiation, the colour has changed fi-om yellowish to dark brown with increase in ion 
fluence. The cluster size for the various LDPE samples irradiated with 95 MeV O^ ions 
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varies from 44 to 110 while for 50 MeV Li^ ^ ion irradiated samples the cluster size varies 
from 43 to 90. The cluster size in pristine polymer refers to the density fluctuations in the 
polymer structure. These carbonaceous clusters are responsible for the conductivity in 
irradiated polymers. Variation in optical band gap of LDEPE with the fluences for both 
the ions is shown in figure 4.23. 
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Figure 4.23: Variation of optical - gap energy with different ion fluences 
of Low Density Polyethylene (LDPE) 
4.3.9 Response of Polyethylene oxide - Salt (17% & 19%) 
The UV-Vis spectra recorded for the 0^ "^  ion beam irradiated Polyethylene oxide 
Salt (17% & 19%) samples are shown in Figures 4.24 and 4.25 respectively. 
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Figure 4.24: Optical absorption spectra of of Polyethylene-oxide (salt) PEO-17% 
polymer irradiated with 95 MeV O' ion beam. 
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Figure 4.25: Optical absorption spectra of Polyethylene-oxide (salt) PEO-19% 
polymer irradiated with 95 MeV O** ion beam. 
A shift of absorption edge towards longer wavelength with increasing ion fluence 
can be readily observed for both salt percentages. The optical absorption spectrum of 
pristine samples (figures 4.22 & 4.23) curve (a) shows a sharp decrease with increasing 
wavelength up to -230 nm, followed by a plateau region for both kind of salt percentages. 
In figures 4.24 & 4.25 curve (b-e) shown are the optical spectra of Polyethylene oxide -
Salt (17% & 19%) after irradiation to the fluences of lO'" - lO'^  ions/cm^ for both the 
cases. The values of absorption edges and the corresponding optical band gap energies 
and number of carbon atoms per conjugation length (N) are given in Tables 4.17 «& 4.18. 
Table - 4.17 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and Si** ion samples of PEO-17% irradiated to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10'" 
10" 
10'^  
10'^  
Absorption edge 
>«(nni) 
424.00 
434.31 
517.98 
721.35 
865.26 
Band gap energy 
E,(eV) 
2.93 
2.86 
2.84 
2.15 
1.60 
N 
137 
144 
146 
255 
460 
146 
Table - 4.18 
Variation of absorption edge (A ,^ energy gap (Eg) and number of carbon atoms (N) per 
\6+ conjugation length in pristine and O ion samples of PEO-19% irradiated to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10'" 
10" 
10'^  
10'^  
Absorption edge 
Xe(nni) 
462.98 
474.71 
517.98 
578.94 
781.10 
Band gap energy 
E.(eV) 
2.68 
2.61 
2.39 
1.72 
1.44 
N 
164 
173 
206 
398 
567 
It is evident that the optical absorption increases with increasing fluence and the 
absorptions shift from UV-Vis towards the visible region for irradiated samples. It is 
observed that energy gap decreases with increase in ion fluence. Optical band gap 
decreases by almost 45.39% at the highest fluence in Polyethylene oxide - Salt 17% while 
, total change in optical band gap at the highest fluence in Polyethylene oxide - Salt 19% 
is almost 46.26%. The cluster size for oxygen ion irradiated Polyethylene oxide - Salt 
17% samples is found to lie between 137-460 atoms, while it lies between 164- 567 for 
Polyethylene oxide - Salt 19% irradiated with oxygen ion beam. The variation of optical 
band gap with fluence for both the PEO-complexes is shown in Figure 4.24. 
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Figure 4.26: Variation of optical band gap energy with different ion fluences 
of Polyethylene-oxide (PEO) 
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4.3.10 Response of LEXAN Polycarbonate 
In LEXAN polycarbonate the formation of new bands have been studied by UV-
Visible spectroscopy. Figure 4.27 shows the absorption spectra of pristine and irradiated 
LEXAN Polycarbonate samples. 
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Figure 4.27: Optical absorption spectra of LEXAN polycarbonate polymer irradiated 
with 95 MeV O^ ion beam. 
The value of absorption edge (X^ ) and the corresponding optical band-gap (Eg) and 
number of carbon atoms per conjugation length is given in the Table 4.19. 
Table - 4.19 
Variation of absorption edge (X^, energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and O^ ion irradiated samples of LEXAN (PC) to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10" 
10'" 
10" 
10'^  
I0'5 
2x10'^ 
Absorption edge 
Xc(nm) 
301.81 
306.80 
312.25 
349.17 
385.84 
492.98 
530.20 
Band gap energy 
(eV) 
4.12 
4.05 
3.98 
3.56 
3.22 
2.52 
2.34 
N 
69 
72 
74 
93 
113 
185 
215 
148 
The value of Eg decreases with increase of fluence. It is clear that the optical 
band gap energy of tfie pristine PC is found to be 4.12 eVwhich starts decreasing for PC 
after irradiation up 10* ions/cm^ to a dose of 2 x lO'^  ions / cm^ and reaches a minimum 
of 2.34 eV. Figure 4.28 shows the variation in band gap energy (Eg) with fluence The 
radicals contribute to the polymeric restructuring process which leads to conductivity [9] 
as confirmed by Sinha et al. [8] that the free radical formation takes place in PADC 
(Acrylics) by gamma irradiation at higher doses. The decrease in present case can be 
correlated to the formation of free radicals. 
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Figure 4.28: Variation of optical band gap energy with different ion 
fluences of LEXAN Polycarbonate 
4.3.11 Response of Polyvinylidene fluoride (FVDF) 
Figure 4.29 presents the results of absorption studies with UV-Vis 
spectrophotometer carried on pristine Polyvinylidene fluoride (PVDF) and irradiated 
samples with Ne^ ions to the fluences of lO'", 10",10'^ and lO'^  ions/cm^ and figure 
4.30 shows the optical absorption spectra of pristine and irradiated PVDF samples with 
O*^  ion to the fluences of 10'°, lO", lO'^  and lO'^  ions/cm^ 
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Figure 4.29: Optical absorption spectra of PVDF polymer irradiated with 
145 MeV Ne^ ion beam. 
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Figure 430: Optical absorption spectra of PVDF polymer irradiated with 
95 MeV O^ ion beam. 
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The optical absorption spectrum of the pristine sample shows a sharp decrease 
with increasing wavelength followed by a plateau region. It is evident that optical 
absorption increases with increasing fluence and this absorption shifts from UV-Vis 
towards the visible region for irradiated samples. The increase in absorption may be 
attributed to the formation of a conjugated system of bonds due to bond cleavage and 
reconstruction [4]. The values of Xg and the corresponding results of energy gap (Eg) and 
the number of carbon atoms per conjugation length (N) for pristine as well as irradiated 
samples are presented in tables 4.20 & 4.21. 
Table - 4.20 
Variation of absorption edge (X^, energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and irradiated with 145 MeV Ne^* ions PVDF samples to 
different fluences. 
Fluence 
(ions/cm^) 
0 
10'" 
10" 
10'^ 
10'5 
Absorption edge 
3Le(nm) 
339.49 
356.42 
406.65 
574.89 
772.08 
Band gap energy 
E.(eV) 
3.66 
3.49 
3.06 
2.16 
1.61 
N 
88 
97 
126 
252 
454 
Table - 4. 21 
Variation of absorption edge (Xg), energy gap (Eg) and number of carbon atoms (N) per 
conjugation length pristine and irradiated with of 95 MeV O ^ ions PVDF samples to 
different fluences 
Fluence 
(ioos/cm^) 
0 
10»" 
10" 
10'2 
10'^ 
Absorption edge 
X^rnm) 
339.49 
382.80 
433.79 
466.55 
472.41 
Band gap energy 
E.(eV) 
3.66 
3.25 
2.87 
2.66 
2.63 
N 
88 
111 
143 
166 
170 
151 
The energy gap decreases with the increase in ion fluence. Optical band gap 
decreases by almost 56 % at the highest fluence of lO'^  ions/cm^ for Ne^ * ion irradiation 
whereas for O^ ion irradiation the change is 28.14% at the highest fluence of lO'^  
ions/cm .^ The variation of optical band gap is shown in Figure 4.31. 
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ofPVDF 
4J.12 Response of Polyamide NyIon-6,6 (PN-6,6) 
Ion beam interaction with polymer generates damage which leads to the formation 
of new defects and new charge states. The results of absorption studies with UV-Vis 
spectrophotometer carried out on pristine and irradiated samples of Polyamide Nyion-6,6 
(PN-6,6) with 50 MeV Li^ ^ ion beam at different fluences are illustrated in Figure 4.32. 
650 700 
wav*l»ngth (nm) 
Figure 4J2: Optical absorption spectra of PN-6,6 polymer irradiated with 50 MeV Li^ * 
ion beam. 
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The optical absorption spectrum of the pristine sample figure 4.32 curve (a) shows 
a sharp decrease with increasing wavelength up to ~427 nm followed by a plateau region, 
(curves b-f) in Figure 4.32 show the optical spectra for PN-6,6 polymer samples after 
irradiation to the fluences of lO'" to SxlO''' ions/cm ,^ respectively. Optical absorption 
increases with increasing fluence and this absorption shifts from UV-Vis towards the 
visible region for irradiated samples. The value of Xg and the corresponding results of 
energy gap (Eg) and the number of carbon atoms per conjugation length (N) for pristine as 
well as irradiated samples are reported in Taljle- 4.4.1. 
Table - 4.22 
Variation of absorption edge (X^, energy gap (Eg) and number of carbon atoms N per 
conjugation length in pristine and Li''"^  ion irradiated samples of PN-6, 6 to different 
fluences. 
Fluence 
(ions/cm )^ 
0 
10'" 
lO" 
10'^  
5x10'^ 
10'^  
2x10'^ 
5x10'^ 
Absorption edge 
Xe(nm) 
427.03 
433.47 
437.07 
470.94 
518.03 
563.28 
700.67 
738.32 
Band gap ener^ 
E,(eV) 
2,91 
2.87 
2.84 
2.63 
2.39 
2.21 
1.77 
1.68 
N 
139 
143 
146 
170 
206 
241 
376 
417 
Optical band gap decreases by almost 42.26% at the highest fluence of 5xlO'^ 
ions/cm .^ Variation of optical band gap is shown in Figure 4.33. 
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4.4 Characterization of Chemical Modification through FTIR 
Spectroscopy 
Infrared red spectroscopy is one of the most powerful analytical techniques 
which offers the possibility of chemical identification. In a polymer the FTIR spectrum 
provides the useful information about its chemical structure s it involves the twisting , 
bending, rotational and vibrational motions of atoms in a molecule. The higher frequency 
region of the infra red spectra (4000-1300 cm"') is called the functional group region 
which shows the absorption arising from stretching vibrations and is useful for 
identification of the functional groups. The absorption pattern in the region 1400-650 cm" 
' is unique for particular compound and hence called the fingerprint region. Both the 
stretching and bending modes of vibration give rise to absorption in this region. Ion 
irradiation brings about significant modifications in a polymer, owing to process like 
chain scission, cross-linking, desorption of gasses, formation of double and triple bonds 
etc. Thus such modification will be reflected in the spectrum of irradiated polymer. So, 
this technique has been found very useful for the study of radiation-induced modifications 
in polymers. 
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The present study of FTIR spectroscopy in polymers has been carried out through 
NEXUS 670 FTIR E.S.P. at Inter University Accelerator Centre, New Delhi. 
4.4.1 FTIR Spectroscopy of Makrofol-KG Polycarbonate 
(a) Irradiated with 145 MeV Ne*^  ions 
The IR spectra of the Makrofol-KG polycarbonate samples, virgin and irradiated 
with 145 MeV Ne*^ to the fluences of 10'°, lO", lO'^  and lO'^  ions/cm^ at Variable 
Energy Cyclotron Centre (VECC), Kolkata, India are shown in Figure 4.34. The wave 
numbers for characteristic peaks along with their interpretations are given in Table 4.23. 
500 1000 1500 2000 2500 
Wavenumber (cm') 
3000 3500 4000 
Figure 4J3 FTIR spectra of Makrofol-KG Polycarbonate irradiated with 145 MeV 
Ne^ ion beam (a) Virgin (b) lO'" (c) lO" (d) Ix lO'^  (e) 10'^ 
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Table - 4.23 
Identification of absorption bands in Makrofol-KG irradiated witii 145 MeV Ne^ ions 
corresponding to their wave numbers (l/X). 
Peak 
1 
2 
3 
4 
5 
6 
7 
8 
l/;t(cin') 
2974 
1774 
1600 
1500 
1395 
1162 
832 
1012 
762 
Identification 
CH3 stretching vibrations 
C=0 stretching vibrations 
C=C phenyl ring stretching vibrations 
Symmetric in plane bending of CH3 group 
Anti-symmetric stretching of C-O-C linlcs 
C-H para out of plane aromatic bending vibrations 
C-H para in plane aromatic bending vibrations 
C-H & C-C vibrations 
It is observed that there is no change over all structure of the polymer. On 
irradiation at the highest fluences of lO'^  and lO'^  ions/cm^ a peak corresponding to 
3500cm"' appeared and its intensity increased with the ion fluence along with decrease in 
the absorption intensity of the band at 1774 cm' representing C=0 stretching changed 
with ion fluence. This indicates that chain scission may be taking place at the carbon 
dioxide/carbon monoxide and formation of hydroxyl group. H atom required for its 
formation coming perhaps from the isopropyl group, as the absorption around 2974 cm"' 
which arises due to CH3 symmetric stretch decrease in intensity with increase in ion 
fluence. The Corroboration of chain scission can be deduced from the decrease in the 
intensity of absorption bands around 1162cm"' attributed to C-0 stretch. The decrease 
intensity of absorption bands at 832 and 1012 cm"' corresponds to para out of plane 
aromatic C-H wag of two adjacent H atoms and para in plane aromatic C-H bands. This 
lends credence to the fact that substantial changes are taking place in the environment 
around the phenyl ring, which perhaps is affecting the wagging nature [15]. Contrary to 
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the bands mentioned above the bands at 1600 and 3500 show increasing absorbance with 
the ion fluence. The increase of the hydroxyl bond suggests an increase of the end group 
of macromolecules. This is consistent with the results observed by Luck [16], which 
indicate that under irradiation, the macromolecular weight decreases and the etchability of 
the irradiated PC film increases. Alkyne's formation in FTIR analysis is an important 
feature of the polymer degradation by SHI bombardment. 
(b) Irradiated with 100 MeV Si'^ ions 
Makrofol-KG polycarbonate, samples of 40 \an thickness were irradiated with 
100 MeV Si** ion beam to the fluences of 10'°, 3xlO'°, IxlO", 3xlO", 6xl0" and lO'^  
ions/cm^ at 15 UD Pelletron Accelerator at Inter University Accelerator Centre, New 
Delhi, India. Figure 4.34 shows various absorption bands of the PC foils irradiated with 
of Si ions to different fluences along with those of pristine sample. The Infrared 
absorption peaks of functional groups of PC [17] are present in spectra. Fink and 
coworkers [18] used low energy Ar ions to carry out IR studies on polycarbonate whereas 
Varda Rajulu et al. [19] have used 60 MeV Si beam for modifying the chemical structure 
of polymers, like polypropylene, polyimide and polymethyl methacrylate / polystyrene 
blend. In the pristine foil, the absence of the absorption band around 3500 cm"' shows the 
absence of terminal hydroxyl group indicating high molecular weight of the polymer 
under study. This polymer is synthesized by transestrification of diphenyl carbonate with 
bisphenol A with the elimination of phenol as side product. 
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Figure 4J4: FTIR spectra of Makrofol-KG Polycarbonate irradiated with 100 MeV 
Si** ion beam (a) Virgin (b) lxlO'° (c) 3xlO'° (d) Ix lO'* (e) 3x lO" (f) 
6x10" and (g) Ix 10'2 ions/cm^ 
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Therefore, it is expected that the initial concentration of hydroxy! group will 
monotonously decrease with the increase in the chain length of the polymer. There is 
almost no change in the spectra up to the fluence of 1x10". On irradiation to the fluence 
of 6xl0"and IxlO'^ ions/cm^ the intensity of the 3500 cm"' peak along with the 
intensity of the band at 1770 cm' representing C = O stretch changed with the ion 
fluence. This indicates that chain scission may be taking place at the carbonate site with 
probable elimination of carbon dioxide / carbon monoxide and formation of hydroxyl 
group. H atom required for its formation, coming perhaps from the isopropyl group, as 
the absorption around 2970 cm"' which arises due to CH3 symmetric stretch, decrease in 
intensity with increase in ion fluence. The Corroboration of chain scission can be deduced 
from the decrease in the intensity of absorption bands around 1160cm'' attributed to C-0 
stretch. The decrease in intensity of absorption bands at 830 and 1018 cm' corresponds to 
para out of plane aromatic C-H wag of two adjacent H atoms and para in plane aromatic 
C-H bands. This lends credence to the fact that substantial changes are taking place in the 
environment around the phenyl ring which perhaps is affecting the wagging nature. 
Contrary to the bands mentioned above, the bands at 1600 and 3500 show increasing 
absorbance with the ion fluence. The increase of the hydroxyl bond suggests an increase 
of the end group of macromolecules. This is consistent with the results observed by LUck 
[16], which indicate that under irradiation, the macromolecular weight decreases and the 
etchability of the irradiated PC film increases. Alkyne's formation in FTIR analysis is an 
important feature of the polymer degradation by SHI bombardment. 
4.4.2 FTIR - Spectroscopy of Makrofol-N Polycarbonate(MFN) irradiated with 100 
MeVSi** ions 
Makrofol-N polycarbonate samples of thickness 30 ^m were irradiated with 100 
MeV Si*"" ion beam to the fluences of 10'°, 3xl0'°, IxlO", 3xlO", 6xl0" and lO'^  
ions/cm^ at 15 UD Pelletron Accelerator at Inter University Accelerator Centre, New 
Delhi, India. Figure 4.35 shows the FTIR spectra for pristine as well as irradiated with 
100 MeV Si*"" ions to different fluences. 
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Figure 4.35: FTIR with 100 
II 
spectra of Makrofol-N (MFN) Polycarbonate irradiated 
MeV Si*^ * ion beam (a) Virgin (b) lxlO'° (c) 3xlO'° (d) Ix lO" (e) 3x 10 
(f) 6x10" and (g) Ix lO'^  ions/cml 
The absorption bands as obtained from pristine spectrum are identified and given in table 
4.24. 
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Table - 4.24 
Identification of absorption bands in Makrofol-N (MFN) irradiated with 100 MeV Si*^  
ions corresponding to their wave numbers (lA.). 
Peak 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1/X(cin*) 
2976 
1772 
1500-1600 
(1607) 
1393 
1151 
1103 
1015 
832 
768 
3061 
Identification 
CH3 stretching vibrations 
C=0 stretching vibrations 
C=C phenyl ring stretching vibrations 
Symmetric in plane bending of CH3 group 
Anti-symmetric stretching of 
C-O-C stretching of ester group 
C-0 stretching vibrations 
C-H para out of plane aromatic bending vibrations 
Out of phase skeletal vibration of C-H deformation 
C-H stretching vibration of aromatic compounds 
No change is observed in over all structure of the polymer but minor change in 
intensities were observed at highest fluence. On irradiation, with the increasing fluences 
a peak corresponding to 3525cm'' appeared and its intensity increased with the ion 
fluence along with the decrease in the absorption intensity of the band at 1772 cm' 
representing C=0 stretching. This indicates that chain scission may be taking place at the 
carbon dioxide/carbon monoxide and formation of hydroxyl group. It is found that the 
absorption bands, characteristics of all above functional groups decline, confirming their 
destruction by irradiation. This functional group vanishes gradually as irradiation 
proceeds. This might be attributed to breaking of chemical bonds and formation/emission 
of low molecule gases and radicals due to irradiation [20]. 
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4.4.3 FTIR - Spectroscopy of Polytethersulpbone (PES) 
(a) Irradiated with 100 MeV Si^ "^  ions 
Polyethersulphone (PES) samples thickness of 250 |jni were irradiated with 100 
MeV Si*"" ion beam to the fluences of lxlO'°, IxlO", I0'^ and 5xlO'^ ions/cm^ at 15 UD 
Pelletron Accelerator of Inter University Accelerator Centre, New Delhi, India. Figure 
4.36 shows the FTIR spectra of pristine and irradiated with 100 MeV Si** ions to the 
different fluences. Many results of FTIR analysis show that the main evidence of 
chemical degradation of the irradiated polymer by swift heavy ions are: the intensity 
decrease of the infrared bands, characteristics of the different chemical functional groups 
and creation of triple bonds. 
Important absorption bands have been observed in FTIR spectra. C-H stretching 
vibration occurs in the range 3066-2868 cm''. Overtones and combinations bonds due to 
C-H out of plane deformations occurs in the region 2000-1675 cm'[21]. -C=C stretching 
vibrations of benzene ring occurs in the region 1428-1625 cm"'. -C=C- stretching 
vibrations at 1625 cm' decreases on increasing the ion fluence. C-H in plane deformation 
vibration appears at 967 and 1011 cm''. The intensity of the bands also decreases on 
increasing ion fluence. In the pristine PES, SO2 scissoring is observed at 635cm"'. The 
deformation vibration of C-O-C occurs at -500 cm' which also disappears at higher 
fluence of 5x10'^ ions/cm .^ The absorption band due to the symmetric stretching of C-0-
C and aryl sulphone appears in the region 1125-1400 cm''. 
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Figure 4J6: FTIR: Spectra of Polyethersulphone (PES) irradiated with 
8+ 100 MeV Si" ions 
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(b) Irradiated with 145 MeV Ne*^  ions 
Polyethersulphon(PES) samples were irradiated with 145 MeV Ne^ ion beam to 
the fluences of lO'^  and lO'^  ions/cm^ at Variable Energy Cyclotron Centre (VECC), 
Kolkata, India. Figure 4.37 shows the spectra of pristine and irradiated 145 MeV Ne^ 
ions up to the fluences lO'^  Ind lO'^  ions/cm^ of PES samples. The absorption bands 
obtained from the pristine spectrum are identified as 2871-3068 cm'' and at 1640-2000 
cm'' overtones and combination bonds due to C-H out of plane deformation. The -C=C 
stretching vibrations of benzene ring at 1430-1625 cm' and C-H in plane deformation 
vibration at 942 and 1014 cm'' decreases on increasing the ion fluence. 
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Figure 4.37: FTIR Spectra of Polyethersulphone (PES) irradiated with 145 MeV Ne' 
ions. 
6+ 
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The intensity of SO2 scissoring at 616 cm'' and deformation vibration of C-O-C 
-500 cm' also decreases on increasing ion fluence and finally disappear at lO'^  
ions/cml Spectrum corresponding to the fluence lO'^  ions/cm^ indicates a very 
significant change in the structure of polymer. This might be due to the breakage of bonds 
in the structure as well as formation of unsaturated structure. Further at this fluence, the 
surface becomes dark brown as seen with naked eyes. 
4.4.4 FTIR - Spectroscopy of Polyethylene Terepbthalate (PET) irradiated with 
100 MeV Si"* ions. 
PET samples of thickness 50 \m were irradiated with 100 MeV Si*"^  ion beam to 
the fluences of 10'°, 3xlO'° ,lxlO" ,3xlO"and 3xl0'^ ions/cm^ at 15 UD Pelletron 
Accelerator at Inter University Accelerator Centre, New Delhi, India 
500 1000 1500 2000 2500 3000 
Wavenumber (cm'^ ) 
3500 4000 
Figure 4J8: FTIR: Spectra of Polyethylene trephthalate (PET) irradiated with 100 MeV 
Si*"" ions 
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Figure 4.38 shows the FTIR spectra of pristine and 100 MeV Si^ ^ ions irradiated 
PET samples. From the FTIR spectra over ail decrease in the intensity of typical bandsis 
observed. We observed the changes of absorption bands for the methylene group in 3914-
2970, 1679-1576 and 638-511 cm"' regions [22]. The changes in this spectrum in the 
regions 1762-1670 and 1670-1601 cm'' are assigned to the bands of the carbonyl group 
[8-11]. Main absorption bands are obtained from the pristine spectrum, are identified and 
given in Table 4.25. There is no change in over all structure of the polymer up to the 
fluence of 3xl0" ions/cm^ . The spectrum corresponding to 3xl0'^ ions/cm^ revealed that 
the materials get degraded through bond breakage and significant change in the structure 
of the polymer can be observed. 
Table - 4.25 
Identification of absorption bands in PET irradiated with 100 MeV Si*^  ions 
corresponding to their wave numbers (lA,). 
Peak 
1 
2 
3 
4 
6 
7 
1/X (cm ') 
2965 
1732 
1340 
1017 
870 
729 
Identification 
C-H stretching of CH2 group 
C=0 stretching vibrations 
C-C stretching of phenyl ring vibrations Para substituted 
benzene ring 
C-O-C stretching of ester group 
C-H deformation of phenyl ring. Vibration band of para 
substituted benzene rings 
Ring deformation of phenyl ring, Bending vibration of CH2 
4.4.5 FTIR - Spectroscopy in Polytetrafluoroethylene (PTFE) irradiated with 100 
MeV Si*^  ions 
The PTFE sample of thickness 100 \im were irradiated with 100 MeV Si** ion 
beam to the fluences of 10'°, lO", lO'^  and lO'^  ions/cm^ at 15 UD Pelletron Accelerator 
at Inter University Accelerator Centre, New Delhi, India. The FTIR spectra of pristine 
and irradiated to different fluences shown in figure 4.39. 
It observed from the spectra, that there is no change in over all structure of 
polymer. The spectrum corresponding to lO'^  ions/cm^ showed to new extra peaks at 
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983cm"' and 1717 cm'. Absorption bands at 983cm"' is assumed to arise from -CF3 side 
groups and band at 1717cm"' is assigned to -CF=CF The absorbance peaks from 1000 
cm"' to 1300 cm"' are contributions of the C-F stretching vibrations [23]. The structure of 
polymer (given in chapter 2) might be visualized as polyethylene with all its hydrogen 
atoms substituted by fluorine, where C-F coupling was less covalent than C-C coupling 
due to more electro negativity of fluorine. This made the C-C bond relatively less 
probable towards cleavage. 
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Figure 4 J9 FTIR: Spectra of Polytetrafluoroethylene (PTFE) Polycarbonate irradiated 
8+ ; 
with 100 MeVSi' ions 
4.4.6 FTIR Spectroscopy of Polypropylene (PP) irradiated with 145 MeV Ne*^  ions. 
The samples of Polypropylene (PP) of thickness 50 pm were irradiated with 145 
MeV Ne*"" ions to the fluences of 10^ lO'", lO", lO'^  and lO'^  ions/cm^ FTIR spectra of 
pristine and irradiated polypropylene shown in Figure 4.40. 
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Figure 4.40: FTIR Spectra of Polypropylene (PP) irradiated with 145 MeV Ne" ions 
The FTIR spectrum of the pristine PP sample reveals strong absorption in the 
range 2832-2973 cm'' due to sp^ C-H stretching of CH3 & CH2 along with strong bands 
near 1454 and 1381 cm' due to bending absorption of CH2 and CH3 groups, respectively, 
which are characteristics of polypropylene. 
Spectra of Irradiated polypropylene show that with the increase in ion fluence, 
there appears a new band at 3424 cm"' which is attributed to 0-H stretching. Presence of 
a band at 1701 cm'' indicates the presence of C=0 bonds. The presence of these bands 
suggests the reaction of the polymer with atmospheric moisture on swift heavy ion 
irradiation leading to formation of 0-H and C-H groups. Another importance observation 
is thr growth of a band near 3312cm'' on irradiation, which is characteristic of sp-
hybridized C-H stretching mode of alkyne group. An additional sp^ hybridized C-H 
stretching occurs at 3072cm"', along with =C-H out of plane bending at 915 cm' and 
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C=C stretch at 1639 cm' suggests the formation of unsaturations in the polymer chains 
(double bonds). Some indication of it can be found in the presence of absorbance in 
3500cm'' region. The 996 cm"' peak disappears on high fluence irradiation. 1164 cm'' 
band is also affected showing that 3/1 helix structure gets somewhat affected by Ne*"^  
irradiation though H* irradiation does not do so [24]. 
4.4.7 FTIR - Spectroscopy in Polyvlnylidene fluoride (PVDF) irradiated with 145 
MeV Ne*^  ions. 
Polvinylidene fluoride (PVDF) is a semi crystalline polymer with piezoelectric 
properties and chemical inertness. PVDF samples of thickness 80 ^m were irradiated with 
145 MeV Ne** ions to the fluences of 10'°, lO", lO'^  and lO'^  ions/cml Figure 
4.421 shows the FTIR spectra of Polyvlnylidene fluoride (PVDF) samples; pristine and 
irradiated with 145 MeV Ne^ ions to different fluences. 
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Figure 4.41: FTIR: Spectra of (PVDF) irradiated with 145 MeV Ne^ ^ ions 
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The ion energy deposition breaks the carbon - hydrogen and carbon -fluorine 
chemical bonds, produces a high rate of molecular emission of hydrogen and hydrofluoric 
acid and transforms the residual material in a carbon amorphous film [25]. The 
symmetric and asymmetric stretching vibration of the CH2 group in the pristine samples 
are located, respectively at 2980 cm"'(Vs CH2) and 3021cm'' (VaCH2). All the chemical 
groups with a CH bond have valence vibration located in this region. Figure 4.41 shows 
the modification of the 3800-2400 cm"' region as the ion fluence increases and the 
decrease of the intensity of the PVDF CH2 bands. Significant changes are observed in the 
region 800-400 cm''.The bands observed at 512, 613 and 760 cm"' are characteristic of 
the crystalline a phase [26,27]. Figure shows almost total disappearance of these 
crystalline bands as the ion fluence increases for Ne^ ions radiation. From these spectra it 
can be concluded that amorphization is completed at lO''' ions/cm .^ The bands appear at 
1700-1710 cm"' by C=C stretching vibrations of-CF=CH-CF2- [28-31] at the fluence 
10'^  & 10'^  ions/cm^ . This defect results fi-om the evolving of HF. Conjugated double 
bonds are responsible for the broadening of the band 1700-1710 cm' band on its lower 
frequency side. UV absorption measurements demonstrate their creation after radiati on 
with ionizing radiation [32,33]. Main chain scission occurs as seen by the existence of 
alkyne groups. 
4.4.9: FTIR - Spectroscopy in Low Density Polyethylene (LDPE) 
irradiated with 50 MeV Li^ ions. 
Low density polyethylene samples of thickness 50 ^m were irradiated with 50 
Mev Li^ ^ ions to the fluences of 5xlO'°, lO", lO'^  and lO'^  ions/cml Figure 4.42 shows 
the FT-IR spectra of pristine and irradiated LDPE to different ion fluences. It reveals 
strong band 2838-2972 cm'', due to sp^ C-H stretching of methylene group both 
symmetric and anti symmetric along with strong bands near 1466 and 1376 cm"' due to 
bending absorption of methylene and methyl groups respectively. The prominent band 
present at 722cm"', is known as long chain band and it indicates the rocking vibrational 
mode of long chain of methylene groups. 
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The irradiation induces modifications in the polymer and a number of new 
chemical bonds are produced. The formation of double bonds is represented by sp^ C-H 
stretching peak (=C-H) at 3086 cm', along with absorption band for mono substituted 
alkenes (1640 cm'), di-, tri-,tetra-substituted alkenes (1652-1671 cm'). Mono substituted 
double bonds (vinyl) gives two strong bands at 988cm"' and 911 cm' for alkyl-substituted 
alkenes. The presence of band at 962 cm'' at the fluence lO'^  and lO'^  ions/cm^ suggests 
the presence of transvinyledene as in chain unsaturation. Increase in the intensity of the 
absorption band associated with vinyl group (-CH2=CH2) on irradiation suggests the 
increase of conjugation. An increase in the number of conjugate polymer chains (C=C 
bond) will result in the increase of free electrons in appropriate activation process. This 
might have been responsible for decreasing optical energy gap in the irradiated polymers 
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as observed in UV-Vis. Analysis. Optical density increases due to the formation of cross-
links and conjugated double and triple bonds by irradiation [33]. The presence of triple 
bonds is suggested by C-H stretching at 3311cm' and bending absorption at 630cm'. 
The above change may be due to bond cleavage and bond reconstruction. The 
predominant radiation effect in polyethylene is cross-linking. Significant in-chain defects 
created are trans-vinylene unsaturations and conjugated double bonds (diene). Chain 
scission occurs with the formation of methyl end groups, Vinyl end groups formation was 
also detected. Similar effects were observed earlier in swift heavy ion irradiated 
polyethylene [34]. 
4.4.9 FTER Spectroscopy in PMMA pristine and irradiated with 145 MeV Ne** ions. 
Parts of each sample were irradiated by 145 MeV Ne*^  ion beam at Variable 
Energy Cyclotron Centre (VECC), Kolkata, India to the fluences of lO'", lO", lO'^ lO'^  
ions/cm .^ The nature of chemical modification can be studied through characterization of 
the vibration modes, determined by infrared spectroscopy. Fig. 4.43 (a-e) shows the IR 
spectra of pristine and irradiated PMMA. The symmetric and asymmetric stretching, 
scissions or bending and wagging of CH3 and CH2 group frequencies were observed in 
the pristine as well as in all the irradiated PMMA samples. The peak positions in the 
pristine and the irradiated PMMA samples remained almost constant indicating that the 
J- helical structure of the polymer was not destroyed after ion irradiation. Fig. 2 indicates 
the general decrease in intensity of the peaks of the irradiated samples as compared to 
pristine sample. However, the increase in absorbance at ~ 1300 cm' after ion irradiation 
at the fluence of lO'^  ions/cm^ can be attributed in part by the formation of CH2 groups 
via radiation induced cross linking mechanism [24, 35) The increase in this particular 
band indicates the increase in crystallinity of PMMA [36]. 
An absorption band can be seen as a broad peak in the range of 3000-2800 cm"'. 
This can be identified as C-H stretching vibrations. The band around 3000 cm' 
corresponding to CH2 does not show any major change. The peak around 1720 cm"', 
corresponding to 
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Figure4.43: FTIR spectra of PMMA polymer (a) Virgin; and irradiated 145 MeV Ne' 
ions (b) 10'° (c) lO" (d) lO'^  (e) lo'^ ions/cm^ 
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C = O vibrations in the pristine sample appears to be slightly shifted towards lower values 
in the irradiated samples. A regular trend in the variation of the peak positions is not 
observed with the increase of the fluence. 
Irradiation of PMMA polymer did change the absorption intensity of the C - H 
vibration peak and the broad bump slowly forms more pronounced peaks with increasing 
fluence. In the 3200 - 3600 cm' region the formation of O- H bonds can be observed as a 
function of irradiation fluence. Indication for the formation of-C = C- double bonds are 
given by rise of vibrations at 1640 cm"'. 
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Chapter V 
STRUCTURAL AND ELECTRICAL MODIFICATIONS 
IN POLYMERS 
5.1 Introduction 
In this chapter, the experimental results in terms of the structural and electrical 
modifications by swift heavy ion irradiation. Interaction of the Swift Heavy Ions with a 
polymer may results in cross-linking of the molecular chains, chain scission, destruction 
and degradation of the macromolecules with the simultaneous formation of the molecules 
of smaller chain lengths and change in number and nature of bonds. A large number of 
polymer's properties depend on its molecular structure and super molecular structure. The 
changes in the properties of a polymer subjected to irradiation results from the changes in 
its structure. These changes lead to modifications in the the structural, electrical, surface 
roughness and thermal properties of polymers affecting its glass transition temperature, 
melting temperature, crystallinity etc.[70]. 
5.2 Characterization of modification in structural properties through XRD 
Analyses. 
X-ray diffraction (XRD) provides a fast and reliable tool for routine mineral 
identification. Experiments have shown that the polymeric samples studied here are 
widely used materials falling in the class of the majority of polymers materials consisting 
of crystalline and amorphous regions in different proportions. Polymers can be modified 
by ion irradiation. XRD has been performed with the following limited objectives and no 
attempt has been made to determine the complete structure of the polymeric samples. 
Thus any modification of the polymer structure upon irradiation is reflected in its 
diffraction pattern. In this section, results of X-ray diffraction analysis of pristine and ion 
irradiated polymers have been presented. XRD measurements for the polymer films were 
carried out at Inter-University Accelerator Centre (lUAC), New Delhi using D8 
Advanced Bruker diffractometer with Cu-K(, radiation (A,=1.54183 SA) at room 
temperature by taking 0.020 step size. The cathode was maintained at 30 kV. Diffraction 
patterns were recorded in the range 20 < 20 < 80°. 
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The condition for diffraction of a beam of X-rays from a crystal is governed by the Bragg 
equation: 
2dsin (9) = nX 
where, d is the spacing between layers of atoms, X is the wavelength of X-rays used and 9 
is the angle of incidence of the X-rays. 
The crystallite size in pristine and irradiated polymers was determined by Scherrer 
formula [equation]. 
Crystallite size (L) = — (5.1) 
dxcosd 
where K is the shape factor of the average crystallite (0.9) usually equal to 1, A, is 
the wavelength (1.54 A) for Cu KOi, d is fiill width at half maxima (FWHM) and 9 is the 
peak position in radian. 
5.3 Results and Discussion of XRD Analyses 
5.2.1 Polymetylemethacrylate (PMMA) 
The polymer PMMA is a complex polymer widely used in ion beam lithography 
and in semiconductor industry. This polymer falls in the category of polymer materials 
that consist mainly of amorphous regions with some crystalline region in different 
proportions. Heavy ion irradiation was carried out under a vacuum of~10-*torrby 145 
MeV Ne^ ions from Variable Energy Cyclotron Centre, Kolkata, India using a low 
beam current (-15 nA) to the ion fluences of 10'°, lO", lO'^ lO'^  ions/cml XRD 
measurements have been carried out with the limited objectives of the study of variation 
of intensity of the XRD peaks with ion fluence to observe loss of crystallinity with 
irradiation and no attempt has been made to determine the complete structure of the 
polymeric sample. Figure 5.1 presents the XRD pattern for pristine PMMA film and also 
for those irradiated with Ne ions to various fluences. 
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Degree (26) 
Figure 5.1: X-ray diffraction pattern of PMMA polymer irradiated with Ne ions 
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The diffraction patterns show a sharp peak at 21.66° and few low intensity peaks, 
indicating the crystallinity. The diffraction pattern of pristine sample shows partial 
crystallinity. The most intense peak occurs at 29 = 21.66°. The irradiated samples also 
exhibit identical diffraction pattern. Diffraction pattern of virgin PMMA sample also 
shows a broad peak around 14° indicating that polymer is mainly amorphous in nature. A 
sharp peak at 21.66° with lattice spacing d = 4.10 indicating the crystallinity. Although 
the intensity of this diffraction peak decreases with ion fluence, no significant shift of the 
peak position is observed. This implies that the lattice parameters do not change 
significantly. Similar pattern has been observed by Zhu et al. (2002) in PET irradiated 
with 35 MeV/u Ar ions, by Liu et al.(2000) in PET irradiated with high energy heavy ions 
(Ar, Kr and Xe) and our earlier study (Kumar et al., 2006) on PES irradiated with 70 
MeV C-ions. 
The average crystal size, more commonly known as particle size L, is related to b, 
the fiill width at half maximum (FWHM) of the peak (in radian) by the well known 
Scherer formula L = X, / (b. cos9), where X is the wavelength of the X-ray used. 
Calculations show that L is 97.69 A for the virgin or un-irradiated polymer and 93.38 A 
for irradiation to lO''' ions/cm .^ This implies that average crystallinty size L is reduced by 
about 4.41% on irradiation to a fluence of lO'^  ions/cm .^ 
5 J.2 Low Density Polyethylene (LDPE) 
The diffraction pattern of the pristine LDPE sample is presented in Figure 5.2. 
Three peaks are observed but very pronounced peak is observed at the position 
29 = 21.398° which indicate that the polymer is semi crystalline in nature. Figure 5.2 
shows diffraction patterns of 95 MeV O*^  ion irradiated LDPE. 
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Figure 5.2: XRD spectra of LDPE films: pristine and irradiated with 95 MeV 
O** ions 
It has been observed that in very pronounced peak, there is decrease in peak 
intensity and increase in the full width half maximum (FWHM) upon ion irradiation. This 
observation suggests that ion irradiation has lead to increase in disorder of the polymer. 
According to Hosemann's theory of Para ciystals [174], semi-crystalline polymers point 
out two types of distortions as compared to ideal, well-ordered crystalline cell. First class 
distortions are exhibited by crystalline cell, in which long-range order exists and 
structural units show statistical fluctuations in their position as compared to those of ideal 
crystalline cell, resulting in increase in the peak intensity in X-ray diffractograms. The 
crystallites size of pristine and irradiated LDPE calculated by Scherer equation [176] are 
reported in Table- 5.1. 
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Table-5.1 
FWHM and crystallite size of pristine and 95 MeV Ne ion irradiated LDPE samples 
Samples 
Fluence (ions/cm^) 
Pristine 
10'" ions/cm^ 
10" ions/cm^ 
10'^  ions/cm^ 
10'^  ions/cm^ 
26 (degree) 
21.398 
21.405 
21.401 
21.410 
21.339 
FWHM(b) 
0.41108 
0.53307 
0.55777 
0.57940 
0.64781 
Crystallite Size 
(A) 
196.66 
151.59 
144.94 
139.53 
124.78 
The crystallite size in pristine LDPE found to be 196.66 A. As the ion fluence 
increases, crystallite size decreases and at the highest fluence of lO'^  ions/cm ,^ it 
decreases by nearly 36.55%. 
5J.3 Polyvinylldene fluoride (PVDF) 
Thin films of commercial PVDF film (procured from Good Fellow, Cambridge, 
England) samples were irradiated with 95 MeV O^ ion beam at 15 UD Pelletron 
Accelerator at Inter University. Accelerator Centre (lUAC), New Delhi, India, to the 
fluences of 10'°, lO", and lO'^  ions/cml 
Figure 5.3 shows the XRD pattern for Polyvinylidene fluoride(PVDF) samples, 
pristine and irradiated with 95 MeV O^ ion beam. The diffraction pattern of PVDF 
pristine polymer indicates that the polymer is amorphous in nature and shows broad peak 
at 26= 19.134° for the pristine sample. It increased and shifted to 26 = 19.392° after 
irradiation to the highest fluence of lO'^  ions/cm .^ However, the change in intensity and 
the shift in angular position can be defined by change in lattice spacing [23]. The 
broadening of peak suggests an evolution of the polymer towards a more disordered state 
and also a change in crystallite size on irradiation by the ions. The average crystal size, 
more commonly known as particle size L. 
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The crystallites size of pristine and irradiated PVDF calculated by Scherer equation [176] 
are reported in table 5.2. 
Table-5.2 
6+ FWHM and crystallite size of pristine and 95 MeV Ne ion irradiated PVDF samples 
Samples 
Fluence (ions/cm^) 
Pristine 
10'" ions/cm^ 
10" ions/cm^ 
10'^  ions/cm^ 
26 (degree) 
19.134 
19.150 
19.357 
19.392 
FWHM(b) 
3.458 
3.917 
4.742 
5.900 
Crystallite Size 
(A) 
23.295 
20.573 
16.994 
13.657 
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The crystallite size for pristine PVDF sample is found to be 23.295A. As the ion 
fluence increases, crystallite size decreases to 13.657 A at the highest fluence of lO'^  
ions/cm ,^ by nearly 41.37%. 
5.3.4 M akrofol-KG Polycarbonate 
Makrofol-KG samples were irradiated with 100 MeV Si** ion beam to the 
fluences of lO", lO'^  and lO'^  ions/cm''. Figure 5.4 shows the diffraction pattern of the 
pristine and irradiated samples of Makrofol-KG. 
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The crystallite size corresponding to the diffraction peaks of the pristine and 
irradiated polymer samples were calculated using Scherer equation and the results are 
presented in Table -5.3. Peak at the position 20 = 17.378" indicates the semi-crystalline 
nature of the polymer. After irradiation the peak shifted to 20= 17.303° at the highest 
fluence of lO'^  ions/cm .^ The crystallite size for pristine Makrofol-KG is found to be 
64.648A. 
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Table-5.3 
FWHM and crystallite size of pristine and 100 MeV Si** ion irradiated PC 
Samples 
Fluence (ions/cm^) 
Pristine 
10'° ions/cm^ 
10" ions/cm^ 
10'^  ions/cm^ 
20 (degree) 
17.378 
17.368 
17.254 
17.303 
FWHM (b) 
1.240 
1.243 
1.260 
1.294 
Crystallite Size 
(A) 
64.808 
64.647 
63.766 
62.094 
As the ion fluence increases, crystallite size decreases to 62.094 A at the highest 
fluence of lO'^  ions/cm ,^ a reduction of nearly 3.95%. 
5 J.5 Polypropylene (PP) 
The diffraction patterns of the pristine and irradiated with 100 MeV Si** ion beam 
polypropylene samples to the fluences of lO'^ lO", 3xlO" and lO'^  ions/cm^ are 
presented in Figures 5.5 (a & b). Five peaks observed in the diffraction pattern of the 
pristine and irradiated samples clearly indicate that polypropylene is semicrystalline in 
nature. There occurs a decrease in the peak intensity and increase in the full width half 
maximum (FWHM) as the fluence increases. The crystallite size corresponding to five 
peaks of the pristine and irradiated polymer samples were calculated using Scherer 
equation (5,1) and the results are reported in Table 5.4 
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Table-
FWHM and crystallite size of pristine and 100 
5.4 
MeV Si^ "^  ion irradiated 
Samples 
Pristine 
10'° ions/cm^ 
10" ions/cm^ 
3x10" ions/cm^ 
10'^  ions/cm^ 
Peak 
position 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
26 (degree) 
14.079 
16.937 
18.540 
25.580 
28.437 
14.010 
16.937 
18.540 
25.580 
28.437 
14.079 
16.937 
18.540 
25.647 
28.365 
14.079 
16.937 
18.538 
25.577 
28.365 
14.079 
16.798 
18.470 
25.440 
28.437 
FWHM(b) 
0.496 
0.578 
0.478 
0.632 
0.579 
0.527 
0.564 
0.509 
0.629 
0.537 
0.532 
0.571 
0.467 
0.654 
0.608 
0.542 
0.553 
0.507 
0.615 
0.558 
0.558 
0.571 
0.519 
0.631 
0.517 
Crystallite Size 
(A) 
161.620 
144.156 
168.641 
127.548 
141.751 
153.097 
142.623 
158.369 
129.707 
152.838 
150.683 
141.174 
172.613 
124.762 
134.962 
147.88 
145.459 
158.995 
132.659 
147.055 
143.647 
140.845 
154.879 
129.256 
158.750 
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5.2.6 Polytetrafluoroethylene (PTFE) 
The effect of heavy ion irradiation on high crystalline PTFE (at room 
temperature) has to be smaller than an amorphous PTFE (in the melt). Additionally 
further qualitative changes will be expected by irradiation of molten PTFE. Lappan et al 
[27] have studied the behavior of PTFE on such special irradiation conditions. In the 
present study PTFE samples were irradiated with 100 MeV Si** ion beam to the fluences 
of 10'°,10'^10'^ and lO'^  ions/cm^ at 15 UD Pelletron Accelerator at Inter University 
Accelerator Centre, New Delhi, India. The structure of the pristine and irradiated to 
different fluences PTFE samples were analyzed by X-ray diffraction studies. Diffracion 
spectra are shown in Figure 5.6 and various parameters assigned with the peaks are 
presented in Table - 5.5. 
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Figure 5.6: XRD spectra of pristine and irradiated PTFE with 100 MeV Si*"" ions 
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TabIe-5.5 
FWHM and crystallite size of pristine and 100 MeVSi*"" ion irradiated PTFE 
Samples 
Fluence (ions/cm )^ 
Pristine 
10'° ions/cm^ 
10" ions/cm^ 
10'^  ions/cm^ 
10'^  ions/cm^ 
29 (degree) 
18.052 
18.061 
18.062 
18.041 
18.044 
FWHM(b) 
0.224 
0.226 
0.236 
0.251 
0.256 
Crystallite Size 
(A) 
359.612 
356.430 
341.327 
320.928 
314.660 
The results showed that the intensity of the main peak at 28 =18.052° for the 
pristine sample shows a minor reduction in intensity and shifting to 20 =18.044 for the 
sample irradiated to highest fluence of lO'^  ions/cm .^ Crystallite size of pristine PTFE is 
found to be 359.612 A. As the ion fluence increases, crystallite size decreases to 314.660 
A at the highest fluence of lO'^  ions/cm^ a reduction of nearly 12.5%. 
5.2.7 Polyaniline graphite (PANI-GRP) 
Polyaniline graphite (PANI-GRP) composite samples were irradiated with 50 
MeV Li^ * ion beam to the fluences of lO", 10'^ 10'^ and 2xl0'^ ions/cm^ at 15 UD 
Pelletron Accelerator at Inter University Accelerator Centre, New Delhi, India. The XRD 
spectra of pristine and irradiated samples are shown in Figure 5.7 and various 
parameters assigned with the peaks are presented in Table - 5.6. 
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Figure 5.7: XRD spectra of pristine and irradiated (PANI-Grp) with 50 MeV Li'* ions. 
Table-5.6 
FWHM and crystallite size of pristine and 50 MeVLi'* ion irradiated 
Samples 
Fluence (ions/cm^) 
Pristine 
10" ions/cm^ 
10'^  ions/cm^ 
10'^  ions/cm^ 
2xlO'Mons/cm^ 
26 (degree) 
26.526 
26.523 
26.522 
26.524 
26.521 
FWHM(b) 
0.1679 
0.1736 
0.1786 
0.1790 
0.1806 
Crystallite Size 
L(A) 
485.875 
469.925 
456.289 
455.755 
451.967 
The crystallite size of pristine Polyaniline graphite composite is found to be 
485.875 A. As the ion fluence increases, crystallite size decreases to 451.967 A at the 
highest fluence of 2xl0'' ions/cm^. It decreases by nearly 6.98%. 
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5.4 Characterization of modification in Electrical Properties through 
Dielectric Measurements. 
The best dielectric materials are those which contain a minimum of charge carriers 
and potential charge carriers and which may be formed by splitting of covalent, atomic or 
molecular bonds under the influence of the energetic ions. The dielectric response of 
material provides information about the orientational translational adjustment of mobile 
charges present in the dielectric medium in response to an applied electric field. The most 
important property of dielectric materials is the ability to be polarized under the action of 
the field. The dielectric loss behavior of polymer films is very important because of their 
possible applications for insulation, isolation and passivation in micro-electronic circuits 
(Dang et al 2002). In general polymers are insulators and commonly used in insulation of 
electric wires. However, certain classes of polymers have been discovered and used as 
semiconductor and capacitors with unusual electrical properties. The dielectric 
polarization may be judged in terms of the dielectric constant and the dissipation factor 
(loss angle or tan5). 
The dielectric constant of the samples was determined by measuring the 
capacitance of the samples. Simultaneously the loss factor was also measured. 
Capacitance (Cp) and dielectric loss (tan 5) measurements were carried out using a 
parallel plate configuration of electrodes on both sides of PC film using a LCR meter 
(Hewlett-Packard 4284) in the fi^equency range of 1-1000 kHz at room temperature. The 
measured values of capacitance then have been converted into the dielectric constant(e') 
by using the formula 
e' =Cd/eoA 
where d is the thickness of polymer film, A is the area of the electrode plates and £o is the 
permittivity of fi*ee space, AC conductivity, aa.c is calculated by the relation given below 
Gac = 2;t/tan6.eo,8r (2.13) 
where f is the fi-equency and tanS. is the dielectric loss. 
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5.5 Results and Discussion of Dielectric Constant measurements 
5.4.1 MakrofoI-KG Polycarbonate 
40 |im thick Makrofol-KG bisphenol-A PC films, manufactured by a casting 
process were obtained from Bayer AG, Lever Kussen, Germany. Tlie Makrofol-KG PC 
films (1.5 X 1.5 cm ) were mounted on a vertical vacuum shield ladder and irradiated in 
General Purpose Scattering Chamber (GPSC) by 100 MeV Si*"^  ion beam from 15 UD 
Pelletron accelerator at Inter University Accelerator Centre (lUAC), New Delhi to the 
fluencesof 1 x lO'", 3 x 10'°, 1 x lO", 3 x lO", 6 x lO" and 1 x lO'^  ions/cml 145 Mev 
Ne** ion beam irradiation was carried out at Variable Energy Cyclotron Centre,(VECC), 
Kolkata to the fluences of 10'°, lO", lO'^  and lO'^  ions/cml The ion beam was 
defocused using a magnetic scanning system so that the film may be uniformly irradiated. 
The beam current was kept below (10 nA) to suppress thermal decomposition. To expose 
the whole target area uniformly the beam was scanned in the X-Y plane. The ranges, as 
estimated by SRIM - 2003 of the incident ions was more than the thickness of the PC 
film. 
Figures 5.8 and 5.9 illustrate the dielectric response of 100 MeV Si*"^  ion and 145 
MeV Ne^ ion irradiated Makrofol -KG PC samples respectively along with that of 
pristine samples. 
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Significant changes have been observed in dielectric response of Makrofol -KG 
PC after irradiation. It is evident from the Figure 5.8 and 5.9 that dielectric constant 
increases with the fluence and at a particular fluence does not show any change in the 
frequency range of 300-1000 kHz for Si ion irradiated samples and in the range of 200-
1000 KHz for Ne ion irradiated sample for all the ion fluences studied. 
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Figure 5.9: Frequency variation of dielectric constant for Ne^ (145 MeV) ion 
beam irradiated Makrofol-KG Polycarbonate 
The motion of free charge carriers may be assumed constant at these frequencies 
which indicate the uniform motion of defects responsible for ion migration through the 
polymer. Ion migration in solids is assumed to be dependent on the hoping rate i.e the 
jumping frequency of the ions which has a unique value for an ion. Therefore, the nearly 
constant value of dielectric constant may be due to the presence of some ionic species in 
excess than others. 
At lower frequencies a rapidly decreasing trend is observed. In this region the 
slow migration of charge carriers may be assumed to be the cause for the decreasing of 
the dielectric constant. With the increase in frequency the charge carrier migrations 
through the dielectric get entrapped in the defect site and induce opposite charge in its 
vicinity. 
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The variation of dielectric loss presented in Figures 5.10 and 5.11 shows random 
behavior. It increases up to about 70 KHz for both the ions followed by a decrease up to 
200 KHz. 
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•8+ Figure 5.10: Frequency variation of dielectric loss for Si (100 MeV) ion beam 
irradiated and Pristine Makrofol-KG polycarbonate. 
-6+, Figure 5.11 Frequency variation of dielectric loss for Ne (145 MeV) ion beam 
irradiated and Pristine Makrofol-KG polycarbonate. 
The variations with ion fluences are visible only at higher frequencies in the range 
600-1000 KHz for Si*^  ion and 200-1000 KHz for Ne*^  ions. This indicates a small 
change in the dissipation factor of the polymer with ion irradiation although the change 
depends on the ion. It may thus be concluded that irradiation has changed the dielectric 
constant with out affecting the dielectric losses only slightly in the polymer. The change 
in dielectric loss tangents in Makrofol-KG are found to be higher for Ne^ as compared to 
Si"* ion. 
194 
5.5.2 Makrofol-N (Polycarbonate) Makrofol-N, films of thickness 30 ^m. PC 
films(1.5xl.5cm^) were irradiated by 100 MeV Si** ion beam to the fluences of 1 x 
10'°, 3 X 10'°, 1 X 10", 3 X 10", 6x10" and 1 x lO'^  ions/cml Dielectric constant of 
pristine and ion irradiated samples was determined by measuring the capacitance of the 
samples. Simultaneously the loss factor was also measured. 
Figure 5.12 presents the dielectric response of 100 MeV Si** ion irradiated Makrofol-N 
PC samples along with that of pristine samples. 
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Figure 5.12: Frequency variation of dielectric constant for 100 MeV SI 
ion beam irradiated Makrofol-N (PC). 
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On irradiation dielectric response of Makrofol-N PC changes significantly. The 
effect of irradiation is almost the same as observed in Makrofol KG PC. It is evident that 
dielectric constant increases with the fluence and at a particular fluence it does not show 
any change with the frequency in the frequency range of 300-1000 kHz. This happens at 
all the ion fluences. The motion of free charge carriers may be assumed constant at these 
frequencies which indicate the uniform motion of defects responsible for ion migration 
through the polymer. Ion migration in solids is assumed to be dependent on the hoping 
rate i.e. the jumping frequency of the ions which has a unique value for an ion. Therefore, 
the nearly constant value of dielectric constant may be due to the presence of some ionic 
species in excess amount. At lower frequencies a rapidly decreasing frend is observed. In 
this region the slow migration of charge carriers may be assumed to be the cause of 
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observed decrease in dielectric constant. With increase in frequency tlie charge carriers, 
migrating through the dielectric get entrapped in the defect site and induce opposite 
charge in its vicinity. The variation of dielectric loss presented in Figure5.13 shows 
random behavior. It increases up to about 70 kHz followed by a decrease up to 200 kHz. 
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Figure5.13: Frequency variation of dielectric loss for Si** (100 MeV) ion beam 
irradiated and Pristine Makrofol-N polycarbonate. 
The variations with ion fluences are visible only at higher frequencies in the range 
600-1000 kHz. This indicates a small change in the dissipation factor of the polymer with 
ion irradiation. It may thus be concluded that irradiation changes the dielectric constant 
without affecting the dielectric losses, only slightly in the polymer. 
5.4.3 Polyetbersulphone (PES) 
Polyethersulphone (PES) is finding extensive use in electronics due to its 
excellent dielectric property. There are few measurements which report the effects of low 
and highions on PES( Wang et al 1991, Bridwell et al,1991). Polyethersulphone (PES), 
samples were irradiated with 100 MeV Si*"^  ion beam to the fluences of 
lxlO'°,lxlO",10'^ and 5xlO'^ ions/cm^ at 15 UD Pelletron Accelerator at Inter 
University Accelerator Centre, New Delhi, INDIA and with 145 MeV Ne^ ion beam to 
the fluences of lO'^  and lO'^  ions/cm^ at Variable Energy Cyclotron Centre (VECC), 
Kolkata. A.C. conductivity measurements were performed for pristine and irradiated PES 
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samples for different fluences and different ions. Figures 5.14 and 5.15 show the A. C. 
conductivity vs. log frequency plot for pristine and irradiated PES for 100 MeV Si** ions 
and 145 MeV Ne"* ions. 
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Figure 5.14: AC conductivity versus log frequency plot for pristine and 100 MeV Si** 
ions irradiated Polyethersulphone (PES) 
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Figure 5.15: AC conductivity versus log frequency plot for pristine and 145 MeV Ne^ 
ions irradiated Polytethersulphone (PES). 
It is observed that a sharp increase in conductivity in pristine as well as irradiated 
samples. It is also observed that conductivity shows more increase as fluence increases 
for Ne ions in comparison to Si** ions. Due to irradiation the increase in conductivity at 
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a given frequency may be attributed to scissoring of polymer chains, resulting in an 
increase of free radicals, unsaturation, etc. An a. c. field of sufficiently high frequency 
may cause a net polarization which is out of phase with field. This results in a, c. 
conductivity and it appears at frequencies greater than that at which traps are filled or 
emptied (Jonscher 1977; singh et al2004b) 
Figures 5.16 and 5.17 show the plot of dielectric constant (e') versus log frequency 
at room temperature for pristine and irradiated PES samples. 
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Figure 5.16: Plot of dielectric constant versus log frequency for pristine and irradiated 
with 100 MeV Sf* ions of Polyethersulphone (PES) 
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Figure 5.17: Plot of dielectric constant versus log frequency for pristine and 145 MeV 
Ne** ions irradiated Polytethersulphone (PES). 
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At lower frequencies a rapidly decreasing trend in dielectric constant is observed. 
In this region the slow migration of charge carriers may be assumed as the cause for the 
decreasing of the dielectric constant. The dielectric constant decreases at higher 
frequencies and increases with fluence. As the frequency increases the charge carriers 
migrate through the dielectric and get trapped against a defect site and induce an opposite 
charge in its vicinity. At these frequencies for both the ions , the polarization of trapped 
and bound charges can not take place and hence the dielectric constant decreases. 
Figures 5.18 and 5.19 shows a plot of tanS (dissipation factor) versus log frequency for 
pristine and 100 MeV Si** ions and 145 MeV Ne** ions irradiated samples. 
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Figure 5.18: Variation of tan5 with log frequency for pristine and 100 MeV Si** ions 
irradiated Polyethersulphone (PES). 
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Figure 5.19: Variation of tan5 with log frequency for pristine and 145 MeV 
-6+ Ne irradiated Polytethersulphone (PES) 
It is observed from the figures that the loss factor increases moderately with 
fluence for both the ions. The increase in loss factor with fluence may be due to 
scissoring of polymer chains, resulting in an increase in of free radicals.. 
5.4.4 Polypropylene (PP) 
Polypropylene film samples were irradiated with 100 MeV Si** ions to the 
fluences of 1 x 10'°, 3 x 10'°, 1 x lO", 3 x lO", 6 x lO" and 1 x lO'^  ions/cm^ and 
with 145 MeV Ne^* ions to the fluences of 10*, 10'°, lO", lO'^  and lO'l Figures 5.20 
and 5.21 show the dependence of conductivity of PP films on log frequency at room 
temperature for pristine and irradiated samples for both the ions. 
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Figure 5.20: AC conductivity versus log frequency plot for pristine and 100 MeV Si*"^  
ions irradiated Polypropylene (PP) 
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Figure 5.21: AC conductivity versus log frequency plot for pristine and 145 MeV Ne** 
ions irradiated Polypropylene (PP). 
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A sharp increase in conductivity has been observed at nearly 200 kHz for both the 
ions. It is also observed that conductivity increases as fluence increases. The increase in 
conductivity due to irradiation may be attributed to scissoring of polymers chains. When 
a.c. field of sufficiently high frequency is applied to a metal polymer/ metal structure, it 
may cause a net polarization, which is out of phase with the field. This results in a.c. 
conductivity. 
Figures 5.22 and 5.23 show the plot of dielectric constant (e') versus log frequency 
at room temperature for pristine and irradiated PP samples. 
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Figure 5.22: Plot of dielectric constant versus log frequency for pristine and 100 MeV 
Si*"^  ions irradiated Polypropylene (PP). 
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Dielectric constant at lower frequencies shows a rapidly decreasing trend. The 
dielectric constant decreases also at higher frequencies but slowly and it also increases 
with fluence. The effect of irradiation shows almost the same pattern as seen in PES. 
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macroscopic properties [8]. The concept of free volume has 
significant importance for the gas permeation properties of 
polymeric membranes and for other related subjects of 
polymer science. 
In recent years, positron annihilation spectroscopy 
(PAS) has been developed as a useful tool in probing 
the nanoscopic and local properties of polymeric materi-
als one of the great successes in this line of research is 
the determination of defect properties, such as free vol-
umes and holes, at an atomic scale (0.2-2 nm) in polymers 
[9]. It has been demonstrated that positron annihilation 
lifetime spectroscopy (PALS) is capable of determining 
size distribution and fraction of free volumes and holes 
(often referred as free volume holes) in polymers [10,11]. 
The high sensitivity of PAS in probing defect properties 
arises from the fact that the positronium atom (Ps, an 
atom consisting of a positron and electron) is preferen-
tially trapped (localized) in atomic scale free volumes 
holes. 
In PALS the positron is used as a nuclear probe which is 
repelled by the ion cores and preferentially localized in the 
atomic size free volume holes of a polymeric material. 
Therefore, the positron and positronium (Ps) annihilation 
signals are found to be contributed mainly from the free 
volume holes in the polymer. Ps atom has two spin states: 
para-positronium (/>-Ps) having spin zero (lifetime in vac-
uum, 125 ps) and o/-//!0-positronium (o-Ps) having spin 
one (lifetime in vacuum 142 ns). o-Ps lifetime is reduced 
due to interaction of o-Ps with electrons from surrounding 
matter (pick off annihilation) and decays into two gamma 
rays. In polymers three positron Ufetimes (TI, T2, T3) are 
often found which range from 100 ps to 5 ns. These life-
times from shortest to longest are believed to be due to 
the self annihilation of/7-Ps, the annihilation of free posi-
tron and the pick off annihilation of o-Ps respectively. 
The measured o-Ps lifetime is found to be proportional to 
the hole size and intensity provides a measure of the num-
ber of holes. 
The purpose of the work is to estimate the change in free 
volume hole size due to irradiation of CR-39 (DOP) poly-
carbonate and polyamide Nylon-6 (PN-6) with 70 MeV 
C^"*^  ions to different fluences. CR-39 polycarbonate is a 
homopolymer and high grade optical plastic and has been 
widely used as ion track detector due to its intrinsic prop-
erty of ion track detection [12]. It consists of polyallyl 
chains cross-linked by diethylene glycol carbonate linkages. 
Its chemical formula is 
O 
II 
C H 2 - C H 2 - O — C - 0 - C H 2 - C H = C H 2 
O O 
I II 
C H 2 - C H 2 - O — C - 0 - C H 2 - C H = C H 2 
The optical and etching properties of CR-39 can 
be improved by incorporating additives such as dioctyl 
phthalate (DOP) in the polymer [12]. Another polymer 
investigated, is polyamide Nylon-6 whose structure is 
l_0 H 
jjC-<CH2)^N--j-
Polyamides are used extensively as high performance 
plastic materials because of their unique combination of 
superior mechanical, electrical, chemical and thermal 
properties. 
Calculation using SRIM 2003 program shows that for 
C*"^  ion irradiation of CR-39 (DOP) polycarbonate {AEl 
dA^ eiectromc IS about 100-2000 time of (d^ /dJiOnuciear for 
1-70 MeV ion energy. 
2. Experimental method 
2 1. Irradiation 
Self supporting 250 ^m thick sheets (1.5 x 1.5 cm )^ of 
polyamide Nylon-6 (Good Fellow, Cambridge Ltd., UK) 
and CR-39 (DOP) (Pershore Moulding Ltd., UK) were 
used for irradiation. Polymer samples were mounted on a 
vacuum shielded vertical sliding ladder and were exposed 
to 70 MeV C^"*" ion beam in the general purpose scattering 
chamber (GPSC) under high vacuum (~4x 10~*Torr) 
using the 15 UD Pelletron accelerator at Nuclear Science 
Centre, New Delhi, India [13] to different iluences. In order 
to expose the whole target area uniformly, the beam was 
scanned in the A'-l'plane (over 1.5 x 1.5 cm^). 
2.2. PAL measurement 
PAL measurements were carried out at Inter University 
Consortium for DAE facilities, Kolkata Centre, Kolkata, 
100000:1 
CR-39 (DOP) 
Positron Ueiime Spectra 
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Fig 1 Positron lifetime spectra of CR-39 (DOP) polycarbonate 
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Abstract 
Free volume properties of polymers have strong correlation with macroscopic properties and can be modified by radiations and ions 
Positron annihilation lifetime spectroscopy (PALS) provide direct information about the dimension, content and size distribution of free 
volume holes in polymers CR-39 (DOP), a polycarbonate widely used as ion track detector and polyamide Nylon-6, a high performance 
plastic having a unique combination of superior mechanical, electrical, chemical and thermal properties were irradiated with 70 MeV C'"^ 
ion beam to different fluences ranging from lO" to 3 7 x lO'^ lons/cm'^ The results of characterization by PALS are reported here o-Ps 
lifetime and the average free volume for both the polymers are found to decrease with fluence, indicating the facilitation of cross-linkmg 
The results are interpreted in terms of change in the free volume Maximum change of 9 7% in average free volume was observed in PN-6 
irradiated to 3.7 x lO'^ lons/cm^. 
© 2005 Elsevier B V. All rights reserved 
Keywords CR-39(DOP) polycarbonate, PN-6 polymer, C''*' ion irradiation. Positron lifetime. Ion beam modification; Free volume hole 
1. Introduction 
Ion irradiation has now a days become an established 
tool for the modification of structural, physical and chem-
ical properties of polymers. The availability of heavy ion 
beams from the accelerators has brought new impetus to 
the field of ion beam modification as dramatic modifica-
tions in the properties of polymeric materials have been 
observed as a result of irradiation of polymers with swift 
heavy ions (SHI) [1,2] This causes bond cleavages; the 
formed free radicals are expected to come to rest and 
may react in a molecular site of a different type from their 
original site [3]. Transfer of high value of energy due to 
heavy ion irradiation causes an unusual density of electron 
hole pairs close to the ion path. Some of the modifications 
' Corresponding author Tel +91 571 2742837/2742932 
E-mail addresses rajendraprasadl@rediffmail com, drrajesh04@redifr-
mail com (R Kumar) 
by incident ions have been attributed to the scission of the 
polymer chains, breaking of covalent bonds, promoting the 
cross-linkages, carbon cluster formation, release of gaseous 
molecular species (the most prominent emission is hydro-
gen) and even the formation of new chemical bonds in 
some cases [4-6]. The effectiveness of these modifications 
produced in the polymer depends on the structure and 
the ion beam parameters (energy, fluence, mass, charge) 
and the nature of the target material itself. It was well 
established that cross-linking or scission efficiency depends 
not only upon polymer structure but also upon the charac-
teristics of the radiation sources, namely ion energy and ion 
species [7]. The existence of free volume holes in polymers 
has been postulated for more than four decades. A key 
problem in this regard is to relate the macroscopic proper-
ties of polymer to atomic scale (a few A) free volume holes 
The damage produced m the form of latent tracks by heavy 
ions results into the change of free volume properties of the 
polymeric material which have strong correlation with its 
0168-583X7$ - see front matter © 2005 Elsevier B V All rights reserved 
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India. A ^^Na source (5 \i Ci) deposited on a rhodium 
foil was sandwiched between the stacks of two layers of 
polymer films. The PAL spectra were obtained using con-
ventional fast-fast coincidence system. The thickness of 
the samples is adequate to absorb more than 99% of posi-
tron emitted. The BaF2 scintillators coupled to Phillips 
XP2020 photomultipliers were used. ORTEC constant 
fraction differential discriminators were used for selecting 
energy and providing timing signal to time to £implitude 
converter. The time resolution (FWHM) of Co-60 prompt 
spectrum was 280 ps. Positron lifetime spectra for unirradi-
ated and irradiated samples were recorded. Fig. 1 shows 
the lifetime spectra for pristine and irradiated CR-39 
(DOP) polycarbonate samples. 
3. Results and discussion 
The lifetime spectra were analyzed as three Ufetime com-
ponents (TI, T2 and T3 with subsequent intensities A, I2 and 
h) with the help of computer program PATFIT-88 [14] 
after applying proper source and background corrections. 
The short lived component TJ and intermediate Uved com-
ponent T2 are attributed to /jara-positronium (p-Ps) and 
positron annihilation, respectively. The long-Uved compo-
nent T3 which is very sensitive to structural changes in the 
polymer is attributed to o-Ps pick-off annihilation in free 
volume. In PALS, it is the o-Ps lifetime which is du-ectly 
correlated to the free volume hole size. The intensity of this 
component contains information about free volume hole 
concentration [15]. 
A spherical hole model [16] gives the mean free volume 
hole radius by following equation: 
1 1 , R 1 . (2nR\ 
1 - TT + T - sin — -/?o 27t V ^0 / 
-1 
where RQ = R + AR and AR = 1.66 A, AR is an empirical 
parameter, related to the penetration of Ps wave function 
in to the bulk and has been determined by the fitting the 
experimental values of T3 obtained from the materials with 
known hole size [17]. When hole dimensions are distributed 
with a width A V around the average volume V, a corre-
sponding distribution of o-Ps lifetime is expected. From 
this relation, the free volume radius R is calculated and 
the average volume of the free volume hole V{ is given as 
Vf=4/3nR^. The fractional free volume Fy can be esti-
mated as Fv = CKf/3 where C is a structural constant eval-
uated from an independent isochronal experiment and is 
determined empirically to be ~0.0018 [18]. 
Table 1 
Lifetime and intensities of virgin and irradiated CR-39 (DOP) 
polycarbonate 
Fluence (lons/cm^) 
Unirradiated 
10" 
10'^ 
10" 
T, (ns) 
0 184 
0 151 
0 168 
0 173 
/i (%) 
37 6 
38 5 
345 
32 8 
T2 (ns) 
0 420 
0 377 
0 403 
0 406 
h {%) 
43 3 
45 7 
46 2 
48 9 
T3 (ns) 
1987 
1862 
1929 
1970 
I, (%) 
19 1 
158 
19 3 
184 
Table 2 
Lifetime and intensities of virgin and irradiated polyamide Nylon-6 
polymer 
Fluence (lons/cra^) 
Unirradiated 
9 3 x 1 0 " 
3 7x10 '^ 
1 8 x 1 0 " 
3 7 x 1 0 " 
Ti (ns) 
0 201 
0 170 
0 168 
0 169 
0 160 
/, (%) 
35.9 
312 
32 7 
32 5 
29 3 
T2 (ns) 
0 393 
0 377 
0 372 
0 374 
0 355 
h (%) 
46 3 
51 8 
50 2 
50 5 
50 2 
Tj (ns) 
1 710 
1 693 
1 684 
1 672 
1 629 
h (%) 
186 
183 
179 
176 
172 
Table 3 
The lifetime parameters of o-Ps and radius of free volume hole (/?) and 
fractional free volume (Fy) in CR-39 (DOP) polycarbonate 
Fluence (lons/cm^) 
Unirradiated 
10" 
10'=^  
10" 
T3 (ns) 
1987±0011 
1862 ± 0 012 
1929 ± 0 0 1 1 
1970 ± 0 0 1 1 
h (%) 
1 9 1 ± 0 3 
1 5 8 ± 0 3 
1 9 3 ± 0 3 
1 8 3 ± 0 3 
RW 
2 84 
2 72 
2 79 
2 83 
Kf(A') 
96 23 
84 61 
90 91 
94 68 
-'^ v 
331 
2 41 
3 26 
3 12 
Table 4 
The lifetime parameters of o-Ps and radius of free volume hole (/?) and 
fractional free volume (fv) in polyamide Nylon-6 polymer 
Fluence (lons/cm^) 
Unirradiated 
9 3 x 1 0 " 
3 7x10'^ 
1 8 x 1 0 " 
3 7 x 1 0 " 
T3 (ns) 
1 7 1 0 ± 0 0 1 
1 693 ± 0 01 
1 684 ± 0 01 
1672 ± 0 01 
1 629 ± 0 01 
/ , (%) 
1 8 6 ± 0 3 
1 8 3 ± 0 2 
1 7 9 ± 0 2 
1 7 6 ± 0 2 
1 7 2 ± 0 2 
R{A) 
2 57 
2 55 
2 54 
2 53 
2 48 
yf{A') 
71 32 
69 91 
69 66 
69 17 
64 40 
fv 
2 38 
2 30 
2 24 
2 20 
I 99 
The lifetime values and intensities for CR-39(DOP) are 
tabulated in Table 1 and for PN-6 in Table 2. Tables 3 
and 4 present the results obtained for o-Ps lifetime (13), free 
volume hole radius (R), micro-void volume (V{) and frac-
tional free volume Fy for virgin and irradiated samples at 
different fluences. From the positron lifetime results of vir-
gin and C ion irradiated samples, a decrease in T3 for C ion 
irradiated polymer samples is observed as compared to vir-
gin samples. The effect of irradiation on the free volume of 
the sample is small. The free volume is decreased only by a 
few percent even if the sample was irradiated with the max-
imum dose of 3.7 x 10^  ions/cm^. Kobayashi et al [19] have 
observed small decrease in PEEK due to electron irradia-
tion at high fluences and has attributed it to intermolecular 
cross-linking. The results of Lee et al [7] for PMMA on 
irradiation indicate that high LET produces a high concen-
tration of free radicals over many neighboring molecular 
chains, facilitating track overlap and enhancing cross-link-
ing over scission, while low LET affects only a simple 
molecular chain, leading to chain scission 
The most important parameter for cross-linking is found 
to be the energy deposited per unit ion path length or linear 
energy transfer (LET). LET is a measure of energy depos-
ited per unit ion path length, often expressed in SI units of 
eV/nm/ion or simply eV/nm. In our earlier studies [20-22] 
on CR-39 polycarbonates irradiated with '**'Ar and '^ ^Au 
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ions to low fluence of 10^  lons/cm'^  and Makrofol-A^ poly-
carbonate irradiated with C^"*" to 10* ions/cm^ free volume 
has been found to increase with fiuences and has been 
attributed to the chain scission along the tracks. During 
ion irradiation the energy transfer by the ion leads to rad-
ical formation, bond scission and cross-Unking of polymer 
chains. The dominance of scission or cross-linking depends 
essentially on the polymer and energy loss per unit path 
length or linear energy transfer (LET). For low LET, spurs 
develop far apart and independently; the deposited energy 
tends to be confined in one chain (not in neighboring chain) 
often leading to scission [7,20,23]. In case of high LET, the 
tracks have large effective radius and spurs overlap more 
compactly, the probability of two radical pairs to be in 
neighboring chains is increased and cross-linking is facili-
tated. The scission causes increase in the free volume 
whereas the cross-linking causes decrease in available free 
volume [24]. o-Ps lifetune and, therefore, the average free 
volume are found to be decreased due to irradiation at 
the fluences used in the present experiment. At high fiu-
ences the track area where cross-linking is predominant 
becomes comparable to the sample area. This explains 
the observed decrease in the o-Ps lifetime, free volume hole 
radius (R), micro-void volume (V{) and fractional free vol-
iime (Fv). Ion irradiation reduces the available free volume 
indicating the facihtation of cross-lmking at high LET 
4. Conclusion 
Free volume study of 70 MeV C ion induced modifica-
tions in CR-39 (DOP) polycarbonate and polyamide 
Nylon-6 at various fluences was undertaken through posi-
tron annihilation lifetime measurements. Small decrease in 
o-Ps lifetime with the ion fluence was observed. Ion irradi-
ation reduces the available free volume indicating the facil-
itation of cross-Unking at high fluences. Opposite trend was 
observed at low fluences in our previous measurements of 
CR-39 polycarbonate irradiated with ''"Ar and C^^ [20-
22] favoring scission. At high fluences scissioned segments 
cross-link randomly, resulting in the decrease of average 
free volume due to overlapping of tracks. 
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Abstract 
Passage of enei^ etic heavy ions produces damage in a polymeric material resulting into the creation of latent trades due to dissociation of 
bonds, cross-linking, formation of free radicals, etc. This results in the change of free volume properties which have sU'ong correlation with the 
macroscopic properties of the materials. Positron annihilation lifetime spectroscopy (PALS) has been developed into a powerful characterization 
tool for the study of free volume size and free volume fraction in polymeric materials. By measuring the lifetimes of the positron, it may 
be possible to get fairly accurate estimates of the free volume of Angstrom (0.2-1 rnn) range. Makrofol-KG polycarbonate films widely used 
for ion track registration were irradiated by 145 MeV Ne6+ ion beam at Variable Energy Cyclotron Centre (VECC), Kolkata, India to the 
fluences of lO'", lO", lO'^ and lO'-'ions/cm^. From o-Ps Ufetime parameters average free volume were obtained. o-Ps lifetimes were found 
to decrease with the ion fluence. Microvoid volume decreased by 10.52% at lO'-' ions/cm .^ 
© 2008 Elsevier Ltd. All rights reserved. 
Keywords: Ion beam modification; Makrofol-KG polycarbonate; Positron annihilation lifetime; Free volume 
1. Introduction 
Solid state nuclear track detectors (SSNTDs), l)eing 
threshold-type detectors are applied for ionographic registra-
tion and are well studied for heavy ion research. Amorphous 
bisphenol A polycarbonate is widely used today to prepare 
track-etched membrane. Latest process development allow the 
production of PC particle track-etched membranes (nano-PTM) 
with pore shape and size very well controlled within diame-
ters from 10 to l(X)nm (Ferain and Legras, 2(X)la, b). These 
membranes are used as template for nanotubes and nanowires 
manufacturing (Piraux et al., 1997, 1999; J6r6me et al., 2000). 
As polycaibonate (PC) track detectors such as Makrofol are 
intensive to light charged particles, X- and y-rays, they offer 
* Corresponding author. Tel.: +91 5712742837; fax: +91 9410643341. 
E-mail address: drrajesh04@rediffmail.com (R. Kumar). 
a very convenient way of detecting heavy ions in the study of 
cosmic rays, heavy ion nuclear reactions, exploration of super 
heavy elements, etc. (Fleischer et al., 1975; Durrani and Bull, 
1987). 
Swift heavy ion (SHI) irradiation provides a unique way 
of material modification by including such a high degree of 
localized electronic excitation which otherwise is not possible 
by any other means. Its effect on the materials depends mainly 
on the electronic enei:gy loss of the ion in material and ion 
fluence. The ions lose their energy as they pass through the 
material. The energy lost is either spent in displacing atoms 
(of the sample) by elastic collisions or it is spent in exciting 
or ionizing the atoms via inelastic collisions. The former is 
the dominant process at low energies. The inelastic collisions 
are dominant at higher energies (MeV). The information about 
these processes is stored in the resulting damage, such as size, 
shape and structure of defects. The degree of disorder can range 
from point defects to a continuous amorphized zone along the 
ion path, commonly called latent track. 
1350-4487/$-see front matter © 2008 Elsevier Ltd. All rights reserved. 
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Ion irradiation has now a days become an established tool 
for the modification of structural, physical and chemical prop-
erties of polymers. Desired physical and chemical properties 
can be obtained for some specific application by exposing 
the polymers to radiation. Although radiations such as UV, 
y-rays and electron beam can produce very small modifi-
cation in the physical properties of the polymers, energetic 
heavy ion irradiation modification induces dramatic physical 
and chemical modifications (Percolla et al., 1994). Some of 
the modifications by incident ions have been attributed to 
the scissoring of the polymer chains, breaking of covalent 
bonds, promoting the cross-linkages, carbon cluster forma-
tion, liberation of volatile species and even the formation of 
new chemical bonds in some cases (Lee, 1996; Wielunski 
et al., 1997). The effectiveness of these modifications pro-
duced in the polymer depends on the structure of polymer 
and the ion beam parameters (energy, fluence, mass and 
charge). 
Existence of free volume in polymers has been known since 
decades and it is an important parameter that characterizes poly-
mer properties. The local free volume "holes" in structurally 
disordered polymers play a crucial role in determining its phys-
ical properties. Latent tracks formed due to the damage pro-
duced by energetic ions result into the change of free volume 
properties of the polymeric material which have strong corre-
lation with its macroscopic properties (Venkatesan, 1985). 
During the past two decades, positronium (Ps), the bound 
state of a positron (e""") with an electron (e~) has been used as 
a probe of molecular solids, especially of polymers (Schrader 
and Jean, 1988). Thus many applications of the positron an-
nihilation techniques have been developed as Ps presents a 
rather unique probe for the quantitative study (viz. size and 
concentration) of the free spaces present in these solids: 
intrinsic or extrinsic defects, as well as free volumes. In re-
cent years Positron annihilation spectroscopy has provided 
a unique probe to study the size and number distribution of 
the subnanometer cavities (Tao, 1972; Nakahishi and Jean, 
1988; Schrader and Jean, 1988; Jean, 1995a,b; Mogensen, 
1995). 
Positron annihilation lifetime spectroscopy (PALS) has 
emerged as one of the most popular techniques which enables 
one to measure the lifetimes and relative abundances or in-
tensities of various positron states. Both these parameters are 
sensitive to the physico-chemical environment of the sites of 
annihilation, Ps triplet state (o-Ps) intensity is correlated with 
the number of free space, while its lifetime can be quantita-
tively correlated with the size of these spaces (Schrader and 
Jean, 1988; Jean, 1990, 1995a,b). 
Characterization of physico-chemical properties of Makrofol-
KG polycarbonate modified by SHIs have been carried out 
using various characterization techniques, but we present the 
characterization by PALS a non-destractive sensitive probe for 
nanosize free volume holes for the first time. In this paper, we 
will describe our recent measurements, focusing our attention 
on Makrofol-KG polycarbonate polymer bulk properties such 
as changes in the free volume size with ion fluences by SHI 
irradiation. 
2. Experimental method 
2.1. Sample preparation 
Makrofol-KG polycarbonates manufactured by a casting 
process into the form of thin sheets by Bayer AG of Lev-
erkussen, Germany have same composition (C16H14O3) as 
Lexan (G.E.C., USA). However, they have different type of 
behavior than Lexan polycarbonate. Thin Makrofol-KG poly-
carbonate sheets (40 urn) were procured from Bayer AG of 
Leverkussen, Germany. The structure of Makrofol-KG poly-
carbonate is given as 
CH, 
- C H O ^ - C ^ ^ C ^ C -
CH, 
2.2. Irradiation 
Parts of each sample were irradiated by 145 MeV Ne*"*" ion 
beam at Variable Energy Cyclotron Centre (VECC), Kolkata, 
India using a low beam current (~ 15 nA) and a specially de-
signed aluminum sample holder of sufficiently large thermal 
mass to avoid beam heating. The beam current was measured 
by integrating the target or sample current by a Dynfisik current 
integrator which has the provision of pre-set count. Significant 
secondary electron emission from the target due to the bom-
bardment by the high energy positive ion beam usually adds a 
large current to the true ion current. A metal cup in our target 
holder was designed to eliminate this secondary electron contri-
bution. Ion fluences of 10'°, lO", lO'^ and lO'^ ions/cm^ were 
used. SRIM 2003 calculation showed the range of 145 MeV 
N e ^ ions to be larger than the sample thickness, ensuring no 
ion implantation in the sample. 
2.3. PAL measurements 
Positron annihilation lifetime (PAC) measurements were 
made at UGC-DAE Consortium for Scientific Research, 
Kolkata Centre, India. A specially designed 1.85 x 10^  Bq 
^^Na source deposited on a rhodium foil was sandwiched 
between the stacks of eight layers of PC polymer film. The 
thickness of the samples is adequate enough to absorb more 
than 99% of positrons emitted. Fast-fast coincidence spec-
trometer, which entails monitoring the signal (1.28 MeV) 
gamma ray from positron decay of the source as start time 
and 0.511 MeV gamma ray from the positron annihilation in 
the material sample under study as the end time, was used for 
recording the PAL spectra. Fast BaFa scintillators coupled to 
Phillips XP2020 photomultipliers were used. ORTEC constant 
fraction differential discriminators (CFDD) were used for se-
lecting energy and providing time signals to time to amplitude 
converter (TAC). Spectra were obtained as a function of ac-
quiring time. The time resolution (FWHM) of prompt spectra 
was 291 ps. Fig. 1. shows the lifetime spectra for virgin and 
irradiated Makrofol-KG polycarbonate samples. 
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Hg. 1. Positron lifetime spectra of Makrofol-KG polycartiomite. 
2.4. Data analysis of PAL spectra 
A significant fraction of positron injected into a polymer mi-
grate to the free volume holes where they preferentially form 
and annihilate from a bound-state Ps. Ps exists in either a 
para-positronium (p-Ps: anti-parallel electron-positron spin) or 
ortho-positronium (o-Ps: parallel spins) state with a relative 
formation rate of 1:3 (Mogensen, 1995). In vacuum p-Ps has 
a lifetime of 12Sps and annihilates via two photons while o-
Ps annihilates via three photons with lifetime 142 ns. During 
its lifetime in a hole the o-Ps undergoes numerous collisions 
with the molecules of the surrounding medium, resulting in 
a finite probability of the positron annihilating with an elec-
tron other than its bound-state partner (and of opposite sign). 
This pickoff process leads to a drastically reduced o-Ps life-
time (few ns) compared with vacuum and annihilation into two 
photons instead of three. All obtained PAL spectra were ana-
lyzed by finite term lifetime analysis employing the PATFIT 
program (Kiikegaard et al., 1989). It decomposes a PAL spec-
trum into 2-S terms of negative exponentials. In polymers three 
lifetime results give the best fit ^^ < 1.1 and most reasonable 
standard deviation (Jean and Dai, 1993). Thus LT spectra may 
be described as a sum of three discrete negative exponentials 
5(f) = Z(l/T,)/,- exp(-r/T,), (i = 1. . . 3) which originates from 
p-Ps, free positron annihilation and from o-Ps annihilation in 
crystalline and amorphous regions of polymer. It is generally 
accepted that TO-PS can serve as a measure of the free volume 
hole size seen by Ps. In a simple quantum mechanical model Ps 
is assumed to be confined in a spherical potential well of radius 
R and infinite depth. The Ps overlaps with molecules in a thin 
layer SR at the potential well. This model leads to correlation 
between to-ps and radius of the hole R (Eldrup et al., 1981) 
„ r R \ . { 2nR M " ' 
'-^-'•\'-R^R'-2-n''A-R:^)\ ''' 
where ^/7 = 0.166 nm is an empirical parameter and Xo-p% is 
given in ns. Despite the simplicity of the model assumption, 
Eq. (1) seems to hold surprisingly well in region of R up to 
1 nm and constitutes a base for numerous PAS applications to 
the studies of free volume and its changes in polymers (Jean, 
1995a,b). This equation can also be used for cylindrical free 
volume (pore) with the value of 6R set at 0.196nm (Ciesielski 
et al., 1998). In this case, for the same lifetime value, one gets a 
higher value for the radius as compared with the spherical case. 
The fractional free volume is /v = CV(h = C{\nR^)I-i, 
where C is a structural constant empirically determined to be 
~ 0.0018 from an independent isochronal experiment (Wang 
et al., 1990) and h is the intensity (in %) of o-Ps. 
3. Results and discussion 
PAL spectra for virgin and irradiated samples were analyzed 
in terms of three lifetime components, each lifetime correspond-
ing to the average annihilation rate of a positron in a differ-
ent state. The shortest lifetime component (n =0.165-0.178 ns 
and h = 40.92-46.61%) belongs to the annihilation of p-Ps 
atoms, while the intermediate one (12=0.384-0.414 ns and h= 
31.63-38.38%) arises from the free annihilation of positrons 
in the polymer matrix. The longest lived component (T3 = 
2.090-2.218 ns and /3 = 16.11-22.54%) is attributed to the o-Ps 
atoms in free volumes of amorphous regions of polymer via the 
pick-off annihilation. Values of lifetime and intensity are pre-
sented in Table 1 and radius, free volume, fractional free volume 
and radius calculated for cylindrical free volume are presented 
in Table 2. o-Ps lifetime is directly correlated to the free volume 
whereas the intensity of this component contains information 
about free volume hole concentration. The decrease in 13 is re-
lated to the change in the free volume as a result of the forma-
tion of new bonds or cross-linking. This decrease in T3 implies 
some shrinking of inner and inner-chain of free volume holes 
(i.e. impact structure was attained). Fig. 2 shows the variation 
of average free volume (Vf) with ion fluence. Vf is found to 
decrease from 118.59 to 106.11A^ with a decrease in 10.52% 
at lO'-* ions/cm^. Kobayashi et al. (1994) have attributed the 
small decrease in free volume in PEEK due to electron irradia-
tion, to intermolecular cross-linking. The results of Lee (1999) 
and Lee et al. (1999) for PMMA on ion irradiation indicate that 
high LET produce a high concentration of free radicals over 
many neighboring molecular chains, facilitating track overlap 
and enhancing cross-linking over scission while low LET af-
fects only a simple molecular chain, leading to chain scission. 
In our earlier PAL measurements (Kumar and Prasad, 2004, 
2005; Kumar et al., 2003, 2004a,b, 2006) on polymers (i) irra-
diated with different SHIs to low fluences (10^-10* ions/cm^), 
average free volume has been found to increase with fluence 
and has been attributed to the chain scission along the tracks 
and (ii) irradiation to high fluences leads to the decrease in free 
volume, indicating cross-Knking of scissioned segments. 
In the present case h is found to decrease with ion fluence 
and, more generally speaking, cross-linking resulting in a loss 
in the number of those free spaces where Ps can form in either 
the crystalline or amorphous phases can be responsible for this. 
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Table I 
Lifetime and intensity of unirradiated and irradiated Makrofol-KG polycaitwnate 
Fluence (ions/cm^) 
Unirradiated 
lO'" 
10" 
I0'2 
10" 
Ti (ns) 
0.176 ±0.010 
0.174 ±0.010 
0.178 ±0.010 
0.165 ±0.010 
0.166 ±0.010 
/, (%) 
46.613 ±2.22 
45.124 ±2.18 
45.817 ±2.21 
40.922 ±2.27 
42.702 ± 2.35 
T2 (ns) 
0.409 ±0.010 
0.405 ±0.010 
0.414 ±0.010 
0.388 ±0.010 
0.384 ±0.010 
/2(%) 
34.469 ±2.11 
34.045 ±2.01 
31.637 ±2.11 
36.207 ±2.16 
38.380 ±2.25 
T3 (ns) 
2.218 ±0.010 
2.214 ±0.010 
2.210 ±0.010 
2.196 ±0.010 
2.090 ±0.010 
h (%) 
18.418 ±0.17 
20.831 ±0.16 
22.546 ±0.17 
21.872 ±0.16 
16.118 ±0.16 
Table 2 
Lifetime parameters of o-Ps and radius of free volume hole in Makrofol-KG Polycarbonate 
Buence (ions/cm^) T3 (ns) h (%) R spherical x 10"^ (nm) Vf x 10"' (nm) R cylindrical x 10' (nm) 
Unirradiated 
10"> 
10" 
10'2 
10'^  
2.218 ±0.010 
2.214 ±0.010 
2.210 ±0.010 
2.196 ±0.010 
2.090 ±0.010 
18.418 ±0.17 
20.831 ±0.16 
22.546 ±0.17 
21.872 ±0.16 
16.118±0.16 
30.48 
30.44 
30.41 
30.29 
29.37 
118.590 
118.143 
117.795 
116.410 
106.118 
4.038 
4.429 
4.780 
4.583 
3.613 
35.98 
35.94 
35.90 
35.76 
34.67 
120 
118 
•E. 114 
« 
E 
I 112 
> 
S 110H 
u. 
108 
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Fig. 2. Variation of average free volume (nm)-' with the fluence (ions/cm^). 
Note that, on the basis of the spur model, one may further 
hypothesize that cross-linking would result in decrease in the 
diffusive properties of either e"*" or e~, resulting in a lesser 
probability for Ps formation. 
The cross-linking as an essential phenomenon, is known 
to be the most effective process in polystyrene, PN-6 and 
CR-39 polymers as bombarded with high energy particles 
(Klaumttnzer et al., 1996; Kumar and Prasad, 2005, 2007; 
Kumar et al., 2006) due to the free radical recombination 
and various degradations, possibly resulting in the changes 
in amorphousity. For low LET, tracks develop far apart and 
independently; the deposited energy tends to be confined in 
one chain (not in neighboring chain) leading to scission (Lee 
et al., 1999; Fink et al., 1999). In case of high electronic LET, 
tracks overlap, the probability of two radical pairs to be in 
neighboring chains is increased and cross-linking is facilitated. 
The scission causes increase in the free volume whereas the 
cross-linking causes decrease in the free volume (Fink et al., 
1999; Kumart et al., 2003, 2004a. b; Kumar and Prasad, 2004, 
2005). At high fluences the track area where cross-linking is 
predominant becomes comparable to the sample area. This 
may explain the observed decrease in the o-Ps lifetime as 
observed in the present case. 
4. Conclusion 
Free volume study of 145 Mev Ne ion induced modifications 
in Makrofol-KG polycarbonate at various fluences was un-
dertaken through positron annihilation lifetime, measurements. 
Small decrease in o-Ps lifetime with the ion fluence was ob-
served. Ion irradiation reduces the available free volume indi-
cating the facilitation of cross-linking at high fluences. In the 
present case /3 is found to decrease with ion fluence and, more 
generally speaking, cross-linking resulting in a loss in the num-
ber of those free spaces where Ps can form in either the crys-
talline or amorphous phases can be responsible for this. At high 
fluence scissioned segments cross-link randomly, resulting into 
the decrease in average free volume due to overlapping of the 
tracks. To our knowledge, there have not been reports of such 
studies of such heavy ion irradiation in Makrofol-KG polycar-
bonate. 
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Abstract 
Polymer based ion conducting materials have potential applications as an electrolyte and separator m the field of lithium batteries 
Solid polvmer electrolytes for lithium batteries are one of the best applications The irradiation of polymeric materials with swift heavy 
ions results into the change of their free volume properties which have strong correlation with their macroscopic properties Poly-eth-
ylene-oxide (PEO)-salt polymers were prepared using solution-cast method Irradiation of the films with 95 MeV oxygen fO**) ions from 
the pelletron accelerator at lUAC, New Delhi, India, to different fluences up to lO'-* lons/cm^ was carried out under high vacuum of the 
order of 4 x 10~* Torr Nanosized free volume parameters in PEO-salt polymer complex have been studied by positron annihilation life-
time spectroscopy (PALS) and Doppler broadening spectroscopy (DBS) From orthopositronium (o-Ps) lifetime, free volume hole 
radius, free volume of micro voids and fractional free volume are computed Free volume changes with the fluence are studied The var-
iation of o-Ps lifetime, mean free volume and fractional free volume with the ion fluence is studied o-Ps lifetime, free volume radius, 
mean free volume and fractional free volume decrease for the fluence 10'" and 10" lons/cm'^  and then increase with fluences of lO'^ 
and IO"ions/cm^ The 5 parameter showed a continuous decrease with increasing fluence of irradiation The intermediate lifetime ij 
also showed a similar decrease These results indicate the occurrence of scission in the polymer chains and the fragmentation of larger 
free volumes into smaller ones 
© 2007 Elsevier B V All rights reserved 
PACS 42 88 +h 78 70 Bj 71 20 Rv 
KcvMorrfj PEO-sall polymer O"* ion irradiation PoMtron lifetime Free volume S parameter 
1. Introduction 
Since the discovery of ionic conductivity m polymer-
alkali salt systems in the mid-seventies, research and devel-
opment into ion conductive polymers have become increas-
ingly interesting from applied and theoretical aspects 
• Corresponding author Tel 4-91 571 2742837 -t-91 9411654869 
E-mail address rdjendiapusddl a,reditTni<iil com (R Prasad) 
Remarkable interest has been generated in polymers based 
ion conducting materials in the field of lithium batteries 
due to their potential application as an electrolyte and sep-
arator [1-3] Solid polymer electrolytes are one of the best 
applications for lithium batteries A polymer-salt electro-
lyte like one involving poly-(ethylene-oxide) or PEO is 
composed of a low lattice energy salt, (NH4CLO4 in the 
present work), dissolved in polymers with electronegative 
atoms m the polymer chains But the relatively free cations 
OI68-583X/$ - see front matter © 2007 Elsevier B V All rights reserved 
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of the salt need suitably sized lioles or free volumes in the 
polymer to carry electricity. The irradiation of polymeric 
materials with swift heavy ions (SHI) results into the 
change of their free volume properties which have strong 
correlation with their macroscopic properties. Radiation 
damage in metals and alloys can be understood fairly well 
from theory, however, radiation damage in complex sys-
tems like polymers cannot yet be predicted even roughly 
from theory [4,5]. Ion conducting polymers can be pre-
pared by dissolving low lattice energy salts in to polar poly-
mer material such as poly-(ethylene-oxide) (PEO). 
A key issue is the understanding of the nature of the ionic 
transport mechanism of these electrolytes. Free volume or 
holes in solid polymer electrolytes (SPEs) or polymer solid 
electrolytes (PSEs) are required for ion movement and 
hence the electrical conduction. Since the work of Cohen 
and Tumbull [6], the transport processes in polymers are 
frequently described in terms of redistribution of the local 
free volume that appears due to the structural disorder in 
amorphous materials [7]. However, a limited amount of 
experimental data has been reported on free volume and 
radiation induced modification due to lack of suitable 
probes for open volumes of molecular dimensions. 
Irradiation of polymers with swift heavy ion beams 
results into the change of free volume properties of poly-
meric material. Energetic ion beams can cause scission as 
well as cross-linking of the polymer chains leading to oppo-
site effects and scission or cross-linking eflSciency depends 
not only upon the polymer structure but also upon the char-
acteristic of the radiation sources, namely ion energy fluence 
and ion species. All these factors make the study of irradia-
tion effects of free volume very important and essential. 
Positron annihilation lifetime spectroscopy or PALS has 
recently emerged as an excellent non-destructive and non-
interfering nano-probe, capable of measuring the free vol-
ume hole size (of nm order radius) in polymers with high 
detection eflSciency [8-10]. Previous study demonstrates 
that the local free volume decreases with increasing salt 
content [10,11]. It is known that the conductivity of SPEs 
can be varied to some extent by changing the compositions, 
thus making it an interesting field of study [12-14]. It has 
been found that electrical conductivity in PEO complexes 
is induced by the addition of NH4CLO4 [13,15] and it 
increases for low percentage as the added ionic salt pro-
vides salt ions as charge carriers. But salt addition in excess 
of 19% leads to a fall in conductivity. Thus the present 
work has been carried out on PEO-salt complex with 
17% salt. Free volume study by PALS for pristine sample 
and the samples irradiated with ions to different fluences 
has been undertaken to investigate the SHI induced modi-
fication in free volume properties. 
2. Experimental method 
Solution-cast films each of total mass 3 g of PEO (BDH, 
England) and o! average molecular weight 600kg/mol 
complexed with NH4CIO4 (Fluka AG, 99.5% purity) were 
prepared in salt concentration of 17%. PEO salt polymer 
that form the sample was around 170 jim in thickness. Pure 
PEO is non-conducting while its complexes PEO(i_;,) 
(NH4CIO4);, with weight fraction x = 17% is an ion con-
ducting polymer. Polymer samples were mounted in a vac-
cum shielded vertical sliding ladder and were exposed in the 
general purpose scattering chamber (GPSC) under high 
vacuum (~4 x lO^Torr) to 95 MeV oxygen ion beam at 
the 15 UD Pelletron accelerator at Inter-University Accel-
erator Centre, New Delhi, India to different fluences. To 
expose the whole target area uniformly, the beam was 
scanned in the x~y plane. 
Positron annihilation lifetime (PAL) and Doppler 
broadening (DBA) measurements were carried out at the 
Saha Institute of Nuclear Physics (SINP), Kolkata, India, 
using a ^^Na source of approximately strength 400 kBq 
and a standard y-y coincidence setup. The source was in 
the form of residual deposit on a thin (~2 mg cm~ )^ nickel 
foil and covered by an identical foil. The source was sand-
wiched between the stacks of the polymer complex sample. 
The thickness of the stacks was ensured sufficient enough 
to make the annihilation of all positrons within the sample. 
The coincidence spectrometer had a resolution of 240 ps 
(full width at half maximum) for the y-rays from ^''Co 
source. The spectra were analyzed using computer pro-
grams RESOLUTION and POSITRONFIT [16]. Mea-
surement of broadening of the spectrum of Doppler 
energy shifted annihilation y-rays was also carried out 
and line shape parameters S and W were estimated. S 
and W are representative of the central and wing regions, 
corresponding to the annihilation of positrons with valence 
and core electrons [17]. DBS spectra were recorded using a 
high resolution (1.28 keV FWHM at 511 keV) high purity 
Ge detector. 
3. Results and discussion 
The three lifetime components decomposed from the 
positron lifetime spectra arise from the annihilation of para 
positronium (;>-Ps, T| ~ 155-175 ps), free positron annihi-
lation {T2 ~ 300-400 ps) and ortho positronium pick off 
process (o-Ps, T3 ~ 1.5-3.5 ns) [9,18]. In polymers, o-Ps is 
formed in small free volume (holes) that appears due to 
their (static or dynamic) structural disorder. Due to pick 
off annihilation of o-Ps with an electron other than its 
bound one and with opposite spin during a collision with 
a molecule in hole wall, the o-Ps lifetime is reduced from 
its value 142 ns (in a vacuum) to the low ns range [19]. 
Based on a semi empirical model [8,9], the o-Ps pick off 
annihilation lifetime ipo is related to the hole (assumed 
spherical) radius ry, via 
Tno = 0.5 ns r^ . 1 . + - - sm 
rt, -I- 0, In /-h + &, 
(1) 
whtie &r=].66A, a }ength parameter, calkd the electron 
layer thickness that accounts for the overlap of the positron 
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and the electron wave functions. When spin conversion and 
chemical quenching of Ps are negligible, the experimental 
o-Ps lifetime is described by equation tj = Tpo. 5r has been 
determined by fitting the experimental values of T3 ob-
tained for the material with known hole size [19]. This 
long-lived component, T3, attributed to o-Ps pick off anni-
hilation in free volume, is very sensitive to the structural 
changes in the polymer. 
When the hole dimensions are distributed with a width 
5 F around the average volumq^, a corresponding distribu-
tion of o-Ps lifetime is expected. From this relation, the free 
volume radius r^, is calculated and the mean value of the 
free volume hole V^^ is given as 
The fractional free volume /"v can be estimated as 
Fv = CKh/3, where C is a structural constant evaluated 
from an independent isochronal experiment and is deter-
mined empirically to be ~0.0018 [20]. 
The intensity of o-Ps (A) that is proportional to the 
probability of positronium (Ps) formation, in the past has 
been related to the concentration of free volume holes in 
the polymer [21]. However, it was foimd that I^ is also 
affected by a number of other non-structural variables 
[22-27]. 
The positron lifetimes and intensities for PEO complex 
are presented in Table 1. Table 2 shows the results obtained 
from o-Ps lifetime T3 for the values of the free volume hole 
radius /"h and volume of free holes Fh for the pristine sam-
ples and irradiated with 95 MeV O*"^  ion beam to different 
fluences. The variation of V^ and F^ as a function of ion 
fluence are shown in Figs. 1 and 2. 
From the above tables, it is seen that the o-Ps lifetime 13 
decreases for the fluences lO"* and lO" ions/cm^ and then 
increases for 10'^  and 10"ions/cm^ This is contrary to 
our earlier measurements [28,29] on CR-39 polycarbonate 
irradiated with "^Ar and ' " A U ions to low fluences of 
10'ions/cm^ and Makrofol-N polycarbonate irradiated 
with C ions to 10^  ions/cm^ where free volume was found 
to increase with fluences and has been attributed to the chain 
scission along the track. The results on CR-39 polycarbon-
ate, polystyrene and polyamide nylon-6 [20,30] irradiated 
with C ions to higher fluences indicated the facilitation of 
cross-linking [28]. The modification (scission or cross-link-
ing) due to ion irradiation depends essentially on the polymer 
and energy loss per unit path length or linear energy transfer 
(LET). Thus the dominance of scission and cross-linking will 
depend on polymer and LET. For low LET spurs develop far 
apart and independently, the deposited energy tends to the 
confined in one chain (not in the neighboring chain) leading 
to scission [31,32]. In the case of High LET, tracks have large 
effective radius and spurs overlap more compactly, the prob-
ability of two radical pairs to be in neighboring chains is 
increased and cross-linking is facilitated. The scission causes 
increase in the free volume whereas cross-linking causes 
decrease in available free volume [32]. The intensity of the 
o-Ps lifetime component 73 shows almost no change up to 
10'^  ions/cm^ and then a slight decrease at lO'^ ions/cm^. 
Values of S parameter are given in Table 2. Generally the 
production of more and more vacancy-type defects during 
increased dose of irradiation should have caused an increase 
of the S parameter. On the contrary, the S parameter contin-
uously decreased due to the irradiation. The initial decrease 
of the longer lifetime T3 indicated a decreasing free volume 
and could support the initial fall of S as well. This should 
have happened if free volume defects of sizes relatively smal-
ler than the initially present ones are freshly created during 
the irradiation. However, the nearly constant intensity 73 
does not support such a possibility. The intermediate lifetime 
X2 continuously decreases and levels off to a constant at the 
largest dose of irradiation while its intensity 7^  shows the 
opposite trend, indicating that vacancy cluster-type defects 
less than the sizes of free volume defects are created during 
Table I 
Positron lifetime and intensities oS unirradiated and irradiated po)y-(ethyJene-oxide) salt polymer 
Fluence (ions/cm )^ 
Unirradiated 
lO'" 
10" 
10'= 
10" 
t| (ns) 
0.147 ±0.003 
0.145 ±0.003 
0.147 ±0.004 
0.145 ±0.003 
0.141 ±0.003 
/, (%) 
39.50 ±1.2 
39.3 ±1.2 
38.4 ±1.4 
37.2 ±1.2 
36,3 ±1.2 
t; (ns) 
0.392 ±0.006 
0.391 ±0.006 
0.382 ± 0.007 
0.37) ±0.005 
0.369 ± 0.005 
/, (%) 
45.3 ±1.1 
45.7±l.l 
45.9 ±1.3 
48.8 ±1.1 
48.6 ±1.1 
r, (ns) 
1.702 ±0.012 
1.685 ±0.012 
1.623 ±0.012 
1.820 ±0.011 
1.876 ±0.011 
h (%) 
15.2±0.19 
I5.0±0.19 
15.6 ±0.21 
14.0 ±0.13 
15.0 ±0.14 
Table 2 
The lifetime parameters of o-Ps, radius of free volume hole, mean free volume, fractional free volume and S parameter in poly-{ethylene-oxide) salt 
polymer 
Fluence (ions/cm )^ 
Unirradiated 
10'" 
10" 
10'= 
10" 
tj (ns) 
1.702 ±0.012 
1.685 ±0.012 
1.623 ±0.012 
1.820 ±0.011 
1.876 ±0.011 
h (%) 
15.2±0.19 
I5.0±0.19 
15.6 ±0.21 
14.0 ±0.13 
15.0 ±0.14 
r^W 
2.56510.012 
2.544*0.012 
2.481 ±0.013 
2.684 ±0.011 
2.739 ±0.010 
^ (A') 
70.68 ±0.57 
68.95 ± 0.56 
63.96 ±0.58 
80.98 ± 0.58 
86.06 ±0.55 
F, 
1.93 ±0.03 
1.86 ±0.03 
1.80 ±0.03 
2.04 ± 0.03 
2.32 ±0.03 
S Parameter 
0.4059 ±.0010 
0.4035 ±.0010 
0.4040 ±.0010 
0.4026 ±.0010 
0.4018 ±.0010 
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Fig 1 Vanation of mean free volume (V^,) with the fluence (lons/cm') 
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Log fluence (Ions/cm^) 
Fig 2 Variation of fractional free volume ( f j with the fluence (lons/cm") 
the irradiation Since such defects, owing to their smaller 
sizes, do not favor the formation of positronium (the origin 
of T3), the peak of the Doppler broadened line shape no more 
become sharper and the S parameter decreases accordingly 
4. Conclusion 
Solution cast fihns of PEO-salt polymer were irradi-
ated to different fluences with O ion beam of 95 MeV 
energy o-Ps lifetime T3 obtained from PAL studies, free 
volume radius rj, and mean free volume decrease for the 
fluences 10'° and lO" lons/cm^ and then increase with 
10'^  and lO'^ions/cm^ The results are contrary to our 
earlier study of SHI induced modifications in pure poly-
mer carried out through PAL measurements The inten-
sity of the o-Ps lifetime component /j shows only 
minor variation at highest fluence The S parameter 
showed a continuous decrease with increasing fluence 
of irradiation The intermediate lifetime 12 also showed 
a similar decrease These results indicate the occurrence 
of scission m the polymer chains and the fragmentation 
of larger free volumes into smaller ones 
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Abstract 
The formation of carbonaceous clusters in swift heavy ion irradiated polymer films has been investigated extensively. The information 
about these clusters may be obtained from Ultraviolet-Visible (UV-Vis) spectroscopic studies. The optical band gap (E^), calculated from 
the absorption edge of the UV spectra of these polymers can be correlated to the number of carbon atoms (AO in a cluster with the Tauc 
equation. Films of 50 nm, 80 jim, 125 urn, 250 jam thicknesses of PET, PTFE, PMMA and PES polymers, respectively, were irradiated with 
Si""^  ions of energy 100 MeV to different fluences from lO'" to lO'^ ions/cm^ at Pelletron accelerator. Inter University Accelerator Centre, 
New Delhi, India. UV-Vis absorption studies show that optical energy gap decreases with transferred energy density of the ion beams. The 
energy band gap (£,) values were computed from the absorption edge in the 200-800 nra region with the Tauc relation. The values vary from 
3.86 to 1.61 eV for the pristine and various irradiated polymer samples. Maximum change of 40% is observed in PES irradiated to lO'^ ions/ 
cm^. The cluster size shows a variation in the range of 79-454 carbon atoms per cluster for the polymers studied here. 
© 2008 Elsevier B.V. All rights reserved. 
PACS: 61.80.Jh; 78.4,Me; 79.20.Rf 
Keywords: SHI irradiation; Ion beam modification; UV-Vis spectra; Carbon clusters 
I. Introduction 
Interest in ion beam irradiation of polymers has 
increased in recent years, prompted by the ion induced 
improvements of the mechanical, optical and electrical 
properties of various polymer substrates [1-5]. A wide vari-
ety of material modification in polymers has been studied 
by using ion irradiation technique [6-9]. Extensive research 
has focused onto swift heavy ions (MeV's energy) probably 
because of good controllability and the large penetration 
length in polymers. High energy ion irradiation tends to 
damage polymers significantly by electronic excitation 
' Corresponding author. Tel.: +91 571 2742837; mobile: +91 941 
1654869, 
E-mail address: rajendraprasadKjjirediR'mail.com (R. Prasad). 
and ionization. The nature of defects and the relative radi-
ative sensitivity of different polymers depend on the prop-
erties such as their composition and molecular weight, on 
the charge, mass and energy of the impinging ion and also 
on the environmental conditions during irradiation. The 
use of ion beam irradiation is getting high impetus as chem-
ical composition and the related physical properties of the 
polymers can be modified in a controlled way by easy to 
control parameters like the ion fluence. The effect of ioniz-
ing radiation on polymers is generally classified in to main 
chain scission (degradation) and cross-linking. These may 
initiate modifications such as formation of chemical bonds 
between different molecules, intermolecular cross linking, 
irreversible cleavage of bonds (scission) in the main chain, 
fragmentation of molecules and the formation of saturated 
and unsaturated groups with stimulated evolution of gases 
0168-583X/$ - see front matter ® 2008 Elsevier B.V. All rights reserved. 
doi:10.!OI6/j.nimb.2008.0l.010 
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[9] At very high ion fluences carbonization may also take 
place [10] 
In the present stud> modification in optical properties of 
four polymers induced by Si ion beam irradiation has been 
investigated by UV-Vis spectroscopy The aim is to inves-
tigate the modification in optical properties by swift heavy 
ion, SI in different group of polymers such as PET, PTFE, 
PMMA, PES films, having wide applications and their 
dependence on ion fluence 
Polyethylene terephthalate (PET) is polyester having a 
high melting point due to the presence of aromatic ring 
and has a very good mechanical strength It is semi crystal-
hne in nature and is resistant to heat and moisture and vir-
tually unattacked by many chemicals It has extensive use 
in textile fibres Mishra et al [11] studied the changes in 
Its thermal and chemical properties by exposing it to elec-
trons and protons Steckenreiter et al [12] did an in depth 
study of chemical modification of PET exposed to Mo and 
Kr ions Recently Liu et al [13] and Zhu et al [14] ha\e 
extended its study by exposing it to heavy ions of Ar, Kr, 
Xe and U having energy in the range of 1 4-2 7 GeV Singh 
et al [15] too have also recently reported a study on the 
electrical and structural properties of PET films modified 
by 50 MeV Li ions The Molecular structure of PET is 
L-CH-CH-O-C-O-C-Of 2 2 I ^ I I 
0 
Aromatic polymers such as polyethersulphone (PES) are 
finding extensne use m electronics For particular sensor 
applications the physical properties of these films may be 
tailored It has been shown that ion irradiation improves 
the sensor properties of PES films [16,17] In our earlier 
studies [18,19] investigation of change in free volume prop-
erties and physical and chemical response of PES films 
modified by 70 MeV carbon ions were carried out Its 
molecular structure is 
—O O O 
Polymethyl methacrylate (PMMA) is an excellent material 
which IS easy to structure and has the desired optical prop-
erties [20] PMMA, known as a positive photo-resist for its 
degradation upon irradiation, has been the subject of more 
investigations in radiolysis than many other polymers This 
was partly due to a growing interest in the application of 
PMMA in ion beam lithography and in the semiconductor 
industr} [21] We have chosen PMMA polymer for our 
present investigation because of its wide range of utiliza-
tion such as It is finding extensive use m expending optical 
networks in the field of telecommunication The Molecular 
structure of PMMA is 
H ^ C H 
o 
C H j H 
I I 
c c 
H 
O 
C H s 
/ 
C H j H 
C C -
C H , H 
O 
I 
C H J 
Poly(tetrafluoroethylene) PTFE has been classified for 
many years as a polymer that undergoes main chain scis-
sion by irradiation [22] In some recent papers [23-26] it 
was descnbed that PTFE is cross linked by ionizing radia-
tion in an oxygen-free atmosphere at a temperature above 
its melting point Therefore, the eff'ect of irradiation on 
high crystalline PTFE (at room temperature) has to be 
smaller than on amorphous PTFE (in the melt) Addition-
ally further quahtative changes are expected by irradiation 
of molten PTFE Lappan et al [27] have also studied the 
behavior of PTFE in such special irradiation conditions. 
Its structure is 
II 
T T r 
rr r 
1 
2. Experimental 
Films of 50 urn, 80 urn, 125 |im and 250 ^m thickness of 
PET, PTFE, PMMA and PES polymers were procured 
from Goodfellow, Cambridge Ltd England (UK) Without 
any further treatment, the specimens of the size 
( 1 5 x 1 5cm^) were prepared for irradiation Polymer 
samples, mounted on a vacuum shielded vertical ladder 
were irradiated in the General Purpose Scattenng Cham-
ber(GPSC) under high vacuum of the order of 
4 x 10~*Torr by using 100 MeV Si*^ ion beam with a 
beam current of four particle nano ampere (pnA) available 
from the 15 UD Pelletron accelerator at Inter University 
Accelerator Centre (lUAC), New Delhi [28,29] In order 
to expose the whole target area, the beam was scanned m 
the A'-y plane Thus thermal damage effects were avoided 
by using low current and X-Y scanner The ion beam flu-
ence was measured by integrating the ion charge on the 
sample ladder, which was insulated from the chamber 
The fluence was varied in the range of 10'°-10'^ions/ 
cm^ The nature of the ion induced optical changes has 
been analysed by using the HITACHI U3300 UV-Visible 
spectrometer in the wavelength range 200-1100 nm 
3. Results and discussion 
In the present study, significant changes of different 
amounts have been observed in optical response of the 
.iiiithor s«*l, 
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polymers after irradiation with Si ions. UV-Vis spectros-
copy gives an idea about the value of optical band gap 
energy (^ 'g) and thus provides an important tool for inves-
tigation. The absorption of light energy by polymeric mate-
rials in the ultraviolet and visible regions involves 
promotion of electrons in cr, n and n-orbitals from the 
ground state to higher energy states which are described 
by molecular orbital [30]. The electronic transitions (-») 
that are involved in the ultraviolet and visible regions are 
of the following type a -* a', n -f n', and n -* TC*. Many 
of the optical transitions which result from the presence 
of impurities have energies in the visible part of the spec-
trum; consequently the defects are referred to as colour 
centers [31 ]. Ion beam interaction with polymers generates 
damage which leads to the formation of new defects and 
new charge states. 
The absorption spectra with UV-Vis spectrophotometer 
carried out on virgin and irradiated polymer samples are 
presented in Figs. 1-4. Optical absorption spectra of the 
virgin sample (Figs. l-4(a)) show a sharp decrease with 
increasing wavelength up to a certain value, followed by 
a plateau region, except in the case of PTFE spectra. Figs. 
]-4((b}-{e)) show the optical spectra for different polymer 
samples irradiated to various fiuences. It is observed that 
optical absorption increases with increasing fluence and 
this absorption shifts from UV-Vis towards the visible 
region for all irradiated polymer samples as the fluence 
increases. The increase in absorption with irradiation 
may be attributed to the formation of a conjugated system 
of bonds due to bond cleavage and reconstruction [32], 
The optical absorption method can be used for the 
investigation of the optically induced transitions and can 
provide information about the bond structure and energy 
gap in crystalline and non-crystalline materials [11]. The 
optical band gap Eg is determined using Tauc's expression 
[33]. 
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Fig. I. Optical absorption spectra of PET polymer samples: pristine and 
irradiated with 100 MeV Si'"^  ion beam 
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Fig. 2. Optical absorption spectra of PTFE polymer samples: pristine and 
irradiated with 100 MeV Si'* ion beam. 
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Fig, 3. Optical absorption spectra of PMMA polymer samples: pristine 
and irradiated with 100 MeV Si'* ion beam. 
whiX) = {hw - E,)\ (1) 
where e2(/l) is the optical absorbance, X the wavelength and 
CO = 2KV the angular frequency of the incident radiation. 
Solving Eq. (1) one gets 
v/eT/A = h/2nX - E^/2nc. 
Therefore, the plot of ^/k versus 1/A must be a straight 
line with an intercept of -EJIKC. If B is the inclination 
of the straight line with A'-axis, the slope of the straight line 
should be tan d and we have 
h _ EJlnc 
where l/2g (Ag, being the gap wavelength) represents the 
abscissa of the point of intersection of the straight line with 
the A'-axis and fg = /ic/27r.The number of carbon hexagon 
I * ? I * '* n/. i •>y %i 
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350 BOO 
Wavelength (nm) 
Fig. 4. Optical absorption spectra of PES polymer samples: pristine and 
irradiated with 100 MeV Si'* ion beam. 
rings in the cluster, N can be found from the Robertson 
relation [34]. 
£ = i ^ e V 
Here, 2j8 is the band structure energy of a pair of adjacent n 
sites and its value is taken as —2.9 eV for a six numbered 
carbon ring. Fink et al. [35] have pointed out that the Rob-
ertson equation underestimates the cluster size in irradiated 
polymers. Thus the structure of the cluster was assumed to 
be like a buckminsterfullerene a Ceo ring instead of Cg) and 
the relation emerges: 
where N is the number of carbon atoms per cluster in the 
irradiated polymer. Above relation has been used to calcu-
late the number of carbon atoms per cluster in the irradi-
ated samples. 
The values of /g and the corresponding results of energy 
gap (£g) and the number of carbon atoms per conjugation 
length (AO for virgin as well as irradiated samples are 
reported in Table I. It can be observed that energy gap 
decreases with the increase in ion fluence in all the four 
polymers. But the percentage decrease is different in differ-
ent polymers. At the highest fluence of ~10'^ ions/cm^ 
maximum decrease in energy gap of almost 40% is found 
in PES polymer samples and a minimum decrease of about 
2.1% in PET. The cluster size showed a range of 79-454 
carbon atoms per cluster for the polymers studied here. 
Carbon enriched domains created in polymers during irra-
diation may be responsible for the decrease in band gap as 
indicated by earlier studies [18,35-39]. The optical absorp-
tion method can be used for investigation of the optically 
induced transitions and can provide information about 
Table 1 
Variation of absorption edge (A,), energy gap (Eg) and number of carbon 
atoms per conjugation length {If) in pristine and 100 MeV Si'"^ ion 
Irradiated polymer samples of PET, PTFE, PMMA and PES at different 
fluences 
Polymers Fluence Absorption Band gap Number of 
sample (ions/cm^) edge [Xg) (nm) energy (eV) carbon atoms (A^ 
PET 
PTFE 
PMMA 
PES 
0 
10'° 
10" 
10'^ 
0 
10'° 
10" 
10'^ 
10" 
0 
10'° 
10" 
10'^ 
10'^ 
0 
10'° 
10" 
10'^ 
10'^ 
321.44 
323.58 
326.24 
328.12 
556.01 
565.97 
582.21 
585.81 
594.38 
399.24 
404.06 
414.84 
422.22 
426.41 
463.22 
497.21 
498.30 
681.05 
772.00 
3.86 
3.84 
3.81 
3.78 
2.23 
2.19 
2 13 
2.12 
2.09 
3.11 
3.07 
2.99 
2.94 
2.91 
2.68 
2.50 
2.49 
1.82 
1.61 
79 
80 
81 
82 
236 
245 
259 
261 
269 
122 
124 
131 
136 
138 
164 
188 
190 
355 
454 
the bond structure and energy gap in crystalline and non-
crystalline materials [11]. 
4. Conclusion 
In the present study modification in optical properties of 
four polymers induced by 100 MeV Si ion irradiation is 
investigated by UV-Vis spectroscopy. Significant changes 
of different amounts are observed in optical response of 
the polymers after irradiation. Optical absorption spectra 
of the virgin sample show a sharp decrease with increasing 
wavelength up to a certain value, followed by a plateau 
region except in the case of PTFE spectra. It is observed 
that optical absorption increases with increasing fluence 
and this absorption shifts from UV-Vis towards the visible 
region for all the irradiated polymer samples as the fluence 
increases. Energy gap decreases with the increase in ion flu-
ence in all the four polymers. But the percentage decrease is 
different in different polymers. At the highest fluence of 
~10' ' ions/cm^ maximum decrease in energy gap of almost 
40% is found in PES polymer samples and a minimum 
decrease of about 2.1% in PET. The cluster size showed a 
range of 79-454 carbon atoms per cluster for the polymers 
studied here. 
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